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Red algae of the genus Laurencia and various marine organisms that feed on Laurencia 
species produce various medium-ring ethers as secondary metabolites. Since the report of 
(+)-laurencin in 1965, which was the first identification of a medium-ring ether natural 
product from a Laurencia species, a number of different medium-ring ethers have been 
reported to date. These metabolites contain a linear C15 carbon skeleton with various 
substitution patterns, including varying ring sizes, diverse stereogenic centers, one or more 
halogen atoms, and terminal enyne or allene units. Oxonane, a nine-membered cyclic ether, 
natural products have also been isolated from these species and have attracted the attention 
of many synthetic chemists. Compared to oxocane, an eight-membered cyclic ether, natural 
products, the number of reported oxonane natural products is low, and the synthetic 
approaches for oxonane natural products have been limited to a narrow scope. 
(+)-Brasilenyne was isolated from the sea hare Aplysia brasiliana by Fenical et al. in 
1979. (+)-Brasilenyne has a novel halogenated oxonane skeleton containing a 1,3-cis,cis-
diene unit and three stereogenic centers including a chlorine atom at C7 and a terminal 
enyne moiety. Since the report of the isolation of (+)-obtusenyne from Laurencia obtusa by 
Imre et al. in 1979, diverse obtusenyne congeners have been isolated from Laurencia algae 
and sea hares, which feed on Laurencia algae. The obtusenyne congeners possesses an 
oxonane skeleton with a single cis-olefin and four stereogenic centers including a bromine 
atom at C12, a chlorine atom at C7, and a terminal enyne moiety. Several groups have 
reported the total synthesis of obtusenyne congeners. 





Laurencia species and its application to the total synthesis of (+)-brasilenyne. The key 
feature of our synthesis involve a selective epoxide ring-opening reaction to construct the 
stereochemistry at the α,α’-position of the ether linkage as well as the C7 hydroxyl group, 
the regioselective intramolecular Tsuji-Trost allylic alkylation to produce the core oxonane 
skeleton and the decarboxylative photo-phenylselenenylation/selenoxide elimination 
sequence to introduce a 1,3-cis,cis-diene unit. In addition, we synthesized the core structure 
of the obtusenyne congeners from the synthetic intermediate of (+)-brasilenyne. This 
synthetic strategy is expected to be widely applicable to the syntheses of other oxonane 
natural products from Laurencia species. 
Keyword : medium-ring ether, oxonane, (+)-brasilenyne, obtusenyne congeners, unified 
synthetic strategy, epoxide ring opening, intramolecular Tsuji-Trost allylic alkylation, 
decarboxylative photo-phenylselenenylation, selenoxide elimination 
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1. Medium-Ring Ethers from Laurencia Red Algae 
Red algae of the genus Laurencia and various marine organisms that feed on Laurencia 
species produce various medium-ring ethers as secondary metabolites.1 These metabolites 
contain a linear C15 carbon skeleton with various substitution patterns, including varying 
ring sizes, diverse stereogenic centers, one or more halogen atoms, and terminal enyne or 
allene units (Figure 1).2 
 
Figure 1. Representative C15 medium-sized ring ether marine metabolites 
 
 
Since the report of (+)-laurencin in 1965,3 which was the first identification of a medium-
ring ether natural product from a Laurencia species, a number of different medium-ring 
ethers have been reported to date. In addition, numerous synthetic approaches to medium-
ring ether formation and the incorporation of appropriate substituents on the core ring 
skeleton and side chains have been continually studied. Oxonane, a nine-membered cyclic 
ether, natural products have also been isolated from these species and have attracted the 
attention of many synthetic chemists. Compared to oxocane, an eight-membered cyclic 





synthetic approaches for oxonane natural products have been limited to a narrow scope. 
Scheme 1 illustrates the biosynthetic investigation of medium-ring ether natural products 
from Laurencia species.4 The lactoperoxidase (LPO) enzyme in Laurencia species directly 
transforms 3Z,6S,7S-laurediol (7) into (+)-prelaureatin (2)5 via bromonium ion-induced 
ether formation. (+)-Prelaureatin (2) is assumed to be a precursor of (+)-laurallene (3),6 (+)-
laureatin (8),7 and (+)-isolaureatin (9).7 (+)-Obtusenyne (6)8 can be expected to be 
synthesized from Cl-substituted laurediol (10), the hypothetical intermediate, through a 
similar biotransformation, and further dehydrobromination of (+)-obtusenyne (6) affords 
(+)-brasilenyne (5).9 
 
Scheme 1. Biosynthetic investigations on cyclic ether metabolites of Laurencia species 
 
 
2. (+)-Brasilenyne and Obtusenyne Congeners 
 (+)-Brasilenyne (5) was isolated from the sea hare Aplysia brasiliana by Fenical et al. 





cis,cis-diene unit and three stereogenic centers including a chlorine atom at C7 and a 
terminal enyne moiety. The potent antifeedant activity of (+)-brasilenyne against swordtail 
fish was also reported. Because the 1,3-cis,cis-diene unit of (+)-brasilenyne was not easily 
accessible using other approaches, the only total synthesis has been reported by Denmark et 
al.10 
Since the report of the isolation of (+)-obtusenyne (6) from Laurencia obtusa by Imre et 
al. in 1979,8 diverse obtusenyne congeners have been isolated from Laurencia algae and sea 
hares, which feed on Laurencia algae. (+)-12-epi-Obtusenyne (11) and (+)-(3E)-12-epi-
obtusenyne (12) were isolated from the sea hare Aplysia dactylomela by Schimitz et al. in 
1981.11 In 1991, (-)-12,13-epi-obtusenyne (13) and (-)-(3E)-12,13-epi-obtusenyne (14) were 
also isolated from Laurencia pinnatifida by Norte et al.12 In addition, (+)-6,7-epi-
obtusenyne (15) and (+)-(3E)-6,7-epi-obtusenyne (16) were isolated from Aplysia 
dactylomela by Manzo et al. in 2005.13 The obtusenyne congeners possesses an oxonane 
skeleton with a single cis-olefin and four stereogenic centers including a bromine atom at 
C12, a chlorine atom at C7, and a terminal enyne moiety. Several groups have reported the 
total synthesis of obtusenyne congeners (Figure 2). 




























3. Previously Reported Synthetic Studies 
Since the synthesis of (+)-obtusenyne (6) in 1999 by Murai et al.,14 the oxonane natural 
products from Laurencia species have been synthesized by many synthetic chemists. The 
synthetic approaches for the oxonane core can be categorized into C-O bond formation, 
ring expansion, and C-C bond formation. In particular, C-C bond formation approaches are 
well suited for the synthesis of oxonane natural products from Laurencia species because of 
the facile construction of stereogenic centers adjacent to an ethereal oxygen atom, the 
greater degree of flexibility in the synthetic design and the effectiveness in forming C-C 
bonds with the cyclization precursor containing substituents with various stereogenic 
centers. However, a unified synthetic strategy for oxonane natural products has not been 
reported. In this dissertation, we report a unified synthetic strategy for oxonane natural 
products via new C-C bond formation approach. 
 
3-1. Intramolecular Carbon-Oxygen Bond Formation 
Using the intramolecular C-O bond formation approach, Murai et al. and Suzuki et al. 
synthesized various obtusenyne congeners and reported the total syntheses of natural (+)-
obtusenyne and 12,13-epi-obtusenyne. In addition, Murai et al. also synthesized unnatural 
(3E)-12,13-epi-obtusenyne and (3E,Z)-13-epi-obtusenyne. 
In 1999, Murai et al. accomplished the first total synthesis of (+)-obtusenyne (6) (Scheme 
2).14 These authors efficiently employed the intramolecular lactonization of hydroxy acid 
and the stereoselective epoxidation of cyclic enol ether for the construction of the oxonene 
core of (+)-obtusenyne (6). Their synthetic sequence began with the coupling of acetylene 
17 and epoxide 18 using Yamaguchi’s method. The resulting alkyne was converted to a 
epoxide 19, which was regioselectively chlorinated. The chlorohydrin 20 was transformed 
into the hydroxy acid 21 through hydrolysis followed by Pinnick oxidation.15 Lactonization 





lactone 22. The lactone was transformed into a dienyl ether 23 via enol triflation and 
subsequent treatment with an ethyl nucleophile. Epoxidation with DMDO produced a 2:1 
mixture of the epoxide, which was reduced with DIBAL to provide the desired oxonene 24.  
 










































































After bromination,17 the resulting bromide was converted to an enyne 26 by a process that 
included deprotection, oxidation, dibromoolefination, Uenishis’s selective hydrogenolysis18 
and Sonogashira coupling.19 Finally, removal of a TMS group produced the (+)-obtusenyne 
(6).After completion of the synthesis of (+)-obtusenyne (6), Murai et al also reported the 
synthesis of obtusenyne congeners.20 Treatment of dienyl ether 23 with NBS followed by 
reduction with Et3SiH yielded the bromide 27. From the bromide 27, Murai et al. 
accomplished the total synthesis of unnatural 13-epi-obtusenyne (28) and (3E)-13-epi-
obtusenyne (29). In addition, using the minor product 25 of the epoxidation reaction, these 
authors completed the total synthesis of 12,13-epi-obtusenyne (13) and (3E)-12,13-epi-
obtusenyne (14). 
Suzuki et al. also achieved the total syntheses of (+)-obtusenyne (6)21 and 12,13-epi-
obtusenyne (13)22 in 2007, where the Eu(fod)3-promoted intramolecular epoxide-opening 
reaction of hydroxy epoxide was employed for the construction of oxonene skeletons 
(Scheme 3). These authors prepared the optically active alkynes and epoxides. The 
coupling of acetylene with epoxide was easily achieved using Yamaguchi’s method, and the 
resulting alkyne was converted to hydroxy epoxides with the required functional groups. 
Treatment of the hydroxy epoxides with Eu(fod)3 resulted in 9-exo cyclization to provide 
the desired oxonenes. After epoxidation with mCPBA, the subsequent opening of the 
resulting epoxide by phenylselenyl anion followed by oxidative elimination provided the 
allylic alcohol. Anti-selective epoxidation of the allylic alcohol followed by dehydration 
and regioselective cleavage of the epoxide with n-BuLi/DIBAL23 afforded the obtusenyne 
congener skeleton. The side chain was transformed into the desired enyne through a 
sequence that was similar to that in Murai’s synthesis.14 The final deprotection and 























































































3-2. Ring Expansion 
In 2005, Holmes and Burton et al. reported the total synthesis of (+)-obtusenyne 
(Scheme 4).24 In their synthesis, Claisen rearrangement and intramolecular hydrosilylation 
produced the (+)-obtusenyne skeleton. The synthesis was started with kinetic resolution  
 
Scheme 4. Total synthesis of (+)-obtusenyne (6) by Holmes and Burton group 
 





transformation of the resulting ester 42 provided the lactol 43, which was converted to a 
diol 44 by the addition of vinyl magnesium bromide. After acetal formation and oxidation, 
treatment of the resulting selenoxide 45 with DBU in refluxing toluene induced elimination 
and Claisen rearrangement to produce the 9-membered lactone 46. Enolate oxidation25 of 
the lactone followed by methylenation with Tebbe’s reagent26 afforded the exo-cyclic enol 
ether 47. After intramolecular hydrosilylation followed by oxidation, the resulting diol 48 
was converted to an enyne 50 by one-carbon homologation of the side chain, Stork-Wittig 
olefination and Sonogashira coupling.19 Finally, Holmes and Burton et al. completed the 
total synthesis of (+)-obtusenyne (6) through the final halogenation17 of the hydroxyl group. 
In addition, these authors also reported the formal synthesis of ent-obtusenyne (ent-6) in 
2008.24b 
 
3-3. Intramolecular Carbon-Carbon Bond Formation 
Using the RCM, Crimmins et al. and Kim et al. synthesized the basic skeleton of the 
oxonane natural products from Laurencia species. These authors carried out the total 
syntheses of two or more oxonane natural products from Laurencia species, although all the 
previously mentioned approaches synthesized only the obtusenyne congeners. Crimmins et 
al. synthesized (-)-isolaurallene (52) and (+)-obtusenyne (6), and Kim et al. synthesized 
(+)-itomanallene A (4), ent-neolaurallene (53), and (-)-isolaurallene (52). 
In 2001, Crimmins et al. achieved the first total synthesis of (-)-isolaurallene (Scheme 
5).27 These authors effectively employed asymmetric glycolate alkylation and olefin 
metathesis to construct an oxonene skeleton with adequate stereogenic centers. 
Condensation of N-glycolyl oxazolidinone (54) with functionalized allyl iodide led to the 
formation of the desired diene 55. After reductive removal of the oxazolidinone followed 
by oxidation, the resulting aldehyde 56 was exposed to Brown’s asymmetric allylation28 to 





allylic alcohol, which was produced using a conventional reaction sequence, provided the 
desired epoxy alcohol 58. RCM of the diene 58 with Grubbs’ 1st generation catalyst30 
followed by hydrolysis of the acetate gave the basic skeleton of (-)-isolaurallene (52). 
Finally, the total synthesis of (-)-isolaurallene was completed by modification of the side 
chain to afford the allene unit and bromination17 of the hydroxyl group in the oxonene ring 
system. 
 







Kim et al. also reported the total synthesis of (-)-isolaurallene in 2012 (Scheme 6).31 In 
their synthesis, substrate-controlled intermolecular dianion alkylation, intramolecular nitrile 
anion alkylation (INAA), and RCM provided the 2,10-dioxabicyclo[7.3.0]dodecene 
skeleton. Their synthetic sequence began with preparation of the key intermolecular dianion 
alkylation substrate 63 from TIPS-protected (S)-glycidol (62). The substrate 63 was 
prepared through the manipulation of functional groups involving Williamson ether 
synthesis, Lemieux-Johnson oxidation,32 and Keck allylation.33 Dianion alkylation of 
hydroxy α-alkoxy amides 63 with ethyl iodide gave the desired α,α’-syn-hydroxy amide 65 
with excellent stereoselectivity. In this case, the TIPS protecting group played a crucial role  
 





























































in setting the stereogenic centers. Diastereoselective reduction of the ketone followed by 
cyanomethylation of the hydroxyl group provided the INAA precursor 66. After treatment 
of nitrile tosylate 66 with LiHMDS, the desired α,α’-trans-tetrahydrofuran 67 was 
synthesized as the major isomer. To complete the synthesis, tetrahydrofuranyl nitrile 67 was 
converted to the desired the 2,10-dioxabicyclo[7.3.0]dodecene 68 via RCM.34 Replacement 
of the hydroxyl group with bromide followed by installation of the bromoallene unit on the 
basis of the well-established Overman protocol35 afforded the (-)-isolaurallene (52). 
In 2003, Crimmins et al. accomplished the total synthesis of (+)-obtusenyne (6) via a 
same strategy as that used in their (-)-isolaurallene (52) synthesis (Scheme 7).36 They 
prepared an oxazolidinone 71 from 1,5-hexadien-3-ol (70) through Sharpless kinetic 
resolution.29 Reaction of the resulting oxazolidinone 71 with prenyl iodide provided the 
alkylated product 72 with high diastereoselectivity. After reductive removal of the 
oxazolidinone followed by oxidation, the resulting aldehyde 73 was subjected to Brown’s 
asymmetric allylation28 to stereoselectively generate the triene 74. Selective epoxidation of 
an electron-rich trisubstituted olefin followed by RCM30 produced the desired oxonene core 
of (+)-obtusenyne. The epoxide 76 was transformed into a (Z)-vinyl iodide 77 through 
Stork-Wittig olefination,37 and the resulting vinyl iodide 77 was converted to an enyne 78 
by Sonogashira coupling.19 Finally, the total synthesis of (+)-obtusenyne (6) was completed 












Scheme 7. Total synthesis of (+)-obtusenyne (6) by Crimmins group 
 
 
Kim et al. achieved the total synthesis of (+)-itomanallene A (4) and ent-neolaurallene 
(53) in 2010 (Scheme 8).38 These authors employed intermolecular dianion alkylation, 
INAA and RCM to synthesize the basic skeleton of the natural products. The crucial α,α′-
trans stereochemistry in α-alkoxyamide 82 was successfully achieved via the 
intermolecular dianion alkylation of the amide (80), which was prepared from PMB-
protected (S)-glycidol (79). Here, the PMB-protected alkoxy group chelated to the lithium 
cation in the enolate and formed a cup-shaped intermediate 81. The electrophile approached 





could be attained. Cyanomethylation of the hydroxyl group and the replacement of PMB 
with a tosyl group provided the INAA substrate 83. Upon exposure to LiHMDS, nitrile 
tosylate gave the desired α,α′-trans-tetrahydrofuran 84 as the major isomer. The diene was 
converted to the desired bicyclic aldehyde 86 through sequential RCM,34 bromination and 
nitrile reduction. The final installation of the bromoallene unit35 furnished (+)-itomanallene 
A (4) and ent-neolaurallene (53). 
 























































85 86 R1 = Br, R2 = H
: (+)-itomanallene A (4)
R1 = Br, R2 = H
: ent-neolaurallene (53)  
 
In 2002, Denmark et al. reported the total synthesis of (+)-brasilenyne, which has a novel 





Because other methods for the synthesis of oxonane natural products from Laurencia 
species are particularly well suited for the construction of a cyclic ether containing a single 
olefin, the 1,3-cis,cis-diene unit poses a formidable challenge to completing the total 
synthesis of (+)-brasilenyne. To construct the 1,3-cis,cis-diene unit, Denmark et al. 
employed intramolecular silicon-assisted cross coupling.39 These authors prepared 1,3-
dioxolane 88 from L-malic acid (87), and the resulting dioxolane 88 was converted to a 
lactone 89 through diastereoselective TiCl4-mediated alkynylation.40 With the desired α,α’-
trans stereochemistry in the α-alkoxy lactone 89 in hand, these authors then converted the 
alkyne to a vinyl iodide. The lactone was transformed into an aldehyde 90, which was 
subjected to Brown’s allylation.41 The resulting alcohol 91 was converted to a vinyl silane 
92 through silylation followed by RCM with Schrock’s catalyst.42 Intramolecular Pd(0)-  
 















































catalyzed cross coupling between the vinyl silane and vinyl iodide successfully afforded the 
medium-ring ether 93 containing a 1,3-conjugated diene unit. Finally, installation of an 
enyne side chain via Peterson olefination43 followed by the incorporation of a chlorine 
atom17 to the C7 hydroxyl group gave (+)-brasilenyne. The elegant method of Denmark’s 
group enabled the first and only total synthesis of (+)-brasilenyne, but this method is not 
suitable for other oxonane natural products such as the obtusenyne congeners. 
To date, all the reported synthetic strategies for the oxonane natural products from 
Laurencia species have some limitations. Therefore, there are several requirements for a 
unified strategy that can be applied to all the oxonane natural products from Laurencia 
species. Considering the synthetic needs, we have been searching for a new synthetic 
strategy for the oxonane skeleton.  
 
4. Pd(0)-Catalyzed Cyclization 
4-1. Tsuji-Trost Allylic Alkylation 
Metal-catalyzed chemical reactions play crucial roles in chemical synthesis. Since its 
first report by Tsuji et al. in 1965,44 transition metal-catalyzed allylic alkylation has been 
developed by many synthetic chemists (Scheme 10). In 1973, Trost et al. discovered the 
next big breakthrough with the introduction of a phosphine ligand.45 The lack of reactivity 
in metal-catalyzed allylation was overcome by the introduction of phosphine ligands, which 
interact with metals as σ-donor ligands to form much more electrophilic cationic -allyl 
palladium complexes. The ability to form diverse types of bonds, including C-C, C-N, C-O 
and C-S bonds,46 under these conditions makes this reaction very appealing to the fields of 








Scheme 10. Tsuji-Trost allylic alkylation 
 
 
Given the nucleophilic attack on the unsymmetrically substituted -allyl palladium 
species, the regioselectivity of the allylation is very important. Considering the -allyl 
palladium complex, steric factors favor attack at the less substituted terminus to give linear 
adduct (Scheme 10). On the other hand, the stability of the initially formed olefin-Pd(0) 
complexes favors the less substituted olefin because its lower LUMO makes back-bonding 
from Pd(0) to olefin more favorable. Thus, an early transition state, especially with a 
bulkier nucleophile, should favor path a; whereas, a late transition state with a nucleophile 
that is not too sterically demanding should favor path b. However, there are multiple factors 
that control the regioselectivity, and therefore, the generalization that steric hindrance of the 
nucleophile determines the regioselectivity of allylation is an oversimplification.47 
 
4-2. Synthetic Applications to Medium-Sized Rings 
The application of palladium-catalyzed allylic alkylation to an intramolecular process 
provides a new cyclization method that may be compatible with relatively sensitive 
functionalities.48 In particular, eight- and nine-membered rings, typically the most difficult 
rings to form, can be addressed using the intramolecular Tsuji-Trost allylic alkylation 
(Scheme 11). In 1980, Trost et al. reported the synthesis of a nine-membered lactone 95 
from an allylic acetate 94 via this reaction.49 These authors mentioned that steric hindrance 
of the nucleophile could force the nucleophile to attack the terminal carbon of the -allyl 





membered cyclic ether 98 via the intramolecular Tsuji-Trost allylic alkylation of a highly 
functionalized ether.50 In comparison to Trost’s method, our method directly synthesized the 
cyclic ether rather than the lactone. In addition, Hoffmann et al. reported the synthesis of 
trans-lauthisan (trans-99)51 using a similar strategy to that of our group and expanded their 
strategy to the formation of nine- to ten-membered cyclic ethers.52 In addition, Corey et al. 
reported the formation of a nine-membered carbocycle 106 from an allylic carbonate 
precursor 105 via Pd-catalyzed cyclization.53 
 















































































Based on these results, we decided to apply intramolecular Tsuji-Trost allylic alkylation to 
the construction of the oxonane skeleton of natural products from Laurencia species. Using 
this strategy, we expected to establish a unified synthetic strategy for oxonane natural 































1. Synthesis of Nine-Membered Cyclic Ether 
1-1. Synthetic Strategy toward Pd(0)-Catalyzed Cyclization Precursor 
To assess the usefulness of our synthetic strategy for the construction of the oxonane 
skeleton, a synthetic procedure for the allylic carbonate precursor was essential (Scheme 
12). There are several problems in the preparation of the allylic carbonate precursor, such as 
the construction of stereogenic centers adjacent to an ethereal oxygen atom and chain 
elongation to acquire an adequate number of carbons for a nine-membered ring. Therefore, 
we decided to prepare the allylic carbonate precursor via a linear sequence, although it is 
less efficient than a convergent method. Because a linear sequence has a flexible synthetic 
sequence, each step in the synthetic sequence can be manipulated to overcome unexpected 
synthetic hurdles. Meanwhile, we decided to construct the stereochemistry of the α,α’ 
position of the ether linkage via diastereoselective allylation using a chiral auxiliary.54 We 
expected that the oxonane skeleton, which might be prepared from an allylic carbonate 
precursor, could be applied in the syntheses of natural products such as (+)-brasilenyne and 
obtusenyne. 
 








1-2. Retrosynthetic Analysis toward Pd(0)-Catalyzed Cyclization Precursor 
The retrosynthetic analysis of the precursor is shown in Scheme 13. The cyclization 
precursor 109 could be efficiently assembled through condensation of a highly 
functionalized aldehyde 110 with a methyl phenyl sulfone, followed by 
ethoxycarbonylation of a primary hydroxyl group and oxidation of a secondary hydroxyl 
group. The aldehyde 110 could be prepared from an alcohol via Horner-Wadsworth-
Emmons olefination55 and one-carbon homologation. We deemed the diastereoselective 
allylation using Evans’ auxiliary54 as key reactions to build up the core structure with the 
desired stereochemistry at the α,α’-position of the ether linkage. Glycolate 112 could be 
introduced from commercially available (R)-glycidol (113) through simple modifications of 
functional groups. 
 







1-3. Preparation of Alcohol 118 
The synthesis was commenced by the preparation of the glycolate as a precursor for the 
diastereoselective allylation (Scheme 14). The free hydroxyl group of commercially 
available (R)-glycidol (113) was protected with a PMB group. The resulting PMB ether 114 
was reacted with methyl organocuprate to give a secondary alcohol 115, which substituted 
with iodoacetic acid to afford the acid 112. The acid 112 was activated by pivaloyl chloride, 
and the resulting mixed anhydride was reacted with Evans’ auxiliary,54 which was 
deprotonated by n-BuLi to give an amide 116. Deprotonation of the amide with NaHMDS 
followed by the addition of allyl iodide produced the desired diastereomer (9:1), which was 
converted to an alcohol 117 via reduction with LiBH4. The primary alcohol 117 was 
protected with a TBS group, and the PMB protecting group was removed using DDQ. 
 




























Reagents and conditions: (a) PMBCl, NaH, TBAI, THF, 0 °C to rt, 4 h, 79°C%; (b) MeMgCl, 
CuBr·SMe2, THF, -78 °C, 2 h, 97%; (c) iodoacetic acid, NaH, THF, 0 °C to 50 °C, 9 h, 75%; (d) 
PivCl, Et3N, THF, -78 °C to 0 °C, 15 min, then (R)-4-benzyl-2-oxazolidinone, n-BuLi, THF, -78 °C, 
12 h, 86%; (e) allyl iodide, NaHMDS, THF, -78 °C to -45 °C, 1 h, 80% (anti/syn = 9: 1); (f) LiBH4, 
MeOH, Et2O, 0 °C, 2 h, 81%; (g) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 1 h, 99%; (h) DDQ, 





1-4. Preparation of Pd(0)-Catalyzed Cyclization Precursor 109 
The free hydroxyl group was oxidized under Ley’s conditions to give the corresponding 
aldehyde 119, followed by Horner-Wadsworth-Emmons olefination55 to afford the α,β–
unsaturated ester 120 (Scheme 15). The ester was reduced to an allylic alcohol 121, which 
was protected with a THP group. Then, the TBS protecting group was removed using TBAF, 
and the resulting primary alcohol 122 was substituted with a cyanide group using acetone  
 
Scheme 15. Preparation of Pd(0)-catalyzed cyclization precursor 109 
 
Reagents and conditions: (a) TPAP, NMO, MS 4Å, CH2Cl2, rt, 6 h; (b) triethyl phosphonoacetate, 
KOt-Bu, THF, 0 °C to rt, 3 h; (c) DIBAL-H, CH2Cl2, -78 °C, 1 h, 74% for 3 steps; (d) DHP, PPTS, 
CH2Cl2, - 0 °C to rt, 2 h; (e) TBAF, THF, 0 °C, 2 h, 95% for 2 steps; (f) DIAD, acetone cyanohydrin, 
PPh3, toluene, rt to 70 °C, 8 h, 86%; (g) DIBAL-H, CH2Cl2, -78 °C, 20 min 78%; (h) methyl phenyl 
sulfone, n-BuLi, THF, -78 °C, 3 h; (i) PTSA, MeOH, 0 °C, 2 h, 77% for 2 steps; (j) ethyl 






cyanohydrin under Mitsunobu-type conditions.56 The cyanide group, which was the one-
carbon homologating product of the alcohol, was selectively reduced with one equivalent of 
DIBAL to produce an aldehyde 110. The aldehyde 110 was condensed with methyl phenyl 
sulfone to give a secondary alcohol, followed by THP deprotection. The primary hydroxyl 
group of the resulting diol 123 underwent ethoxycarbonylation, and the remaining 
secondary alcohol was oxidized to a ketone using Dess-Martin periodinane.57 
 
1-5. Pd(0)-Catalyzed Cyclization of Allylic Carbonate 109 
From the results of our synthesis of lauthisan (99), we believed that the formation of the 
oxonane skeleton could be carried out under the appropriate reaction conditions in terms of 
the ligands, solvents, and temperature (Table 1). Thus, we first attempted to use conditions 
that were similar to the conditions used in lauthisan synthesis.50 We prepared solutions of 
allylic carbonate 109 in DMSO, added Pd(dppe)2 to the reaction mixtures, and examined 
the effect of temperature on the reaction conditions. At temperatures below 60°C, the 
reaction proceeded too slowly, and the conversion yield of cyclization was too low. At 60°C, 
the reaction mixture was better, and we obtained two products. Each product consisted of 
two diastereomers because of the sulfone group. After removal of the sulfone group in the 
two products by Birch reduction, we confirmed that the major product contained a nine-
membered cyclic ether skeleton, but the selectivity between the nine-membered cyclic ether 
108 and seven-membered cyclic ether 124 was not satisfactory. As reaction temperature 
increased, the selectivity improved compared to that at lower temperatures. However, at 
temperatures above 90°C, degradation of the allylic carbonate was observed, and the 
chemical yield was lower than that at 90 °C without improvement in the selectivity. 
Therefore, we decided to use a temperature of approximately 90 °C. Next, we examined the 
effect of the solvent on the selectivity between oxonane 108 and oxepane 124. Various 





reaction conditions were measured. Among the various solvents, acetonitrile produced the 
best selectivity (13.6 : 1). Because the boiling point of acetonitrile is 81-82°C, the reaction 
proceeded under reflux conditions and was completed within 2 h; oxonane 108 was isolated 
in 69% chemical yield.   
 
Table 1. Pd(0)-catalyzed cyclization of allylic carbonate 109 
 
 




rt to 60oC 3 : 1 
2 60oC > 3 : 1 
3 
90oC 
6.25 : 1 
4 Toluene < 3 : 1 
5 MeCN reflux 13.6 : 1 
6 Pd(dppb)2 DMSO 60oC 3 : 1 
 
1-6. Synthetic Approaches toward (+)-Brasilenyne (5) 
After completion of the synthesis of the oxonene skeleton, we envisioned that our 
intermediate could be used in the synthesis of (+)-brasileneyne (Scheme 16). Because the 
desulfonylated product was not suitable for hydroxylation or Saegusa-Ito oxidation58 in 
terms of regioselectivity, we used oxonene to construct the conjugated enone system. At 
first, oxonene was reacted with PhSeBr and NaH to afford phenyl selenide 125. When the 
resulting phenyl selenide was exposed to H2O2, syn elimination of the selenoxide proceeded 
in good yield. Then, the terminal olefin of the triene 126 should have been converted to an 
aldehyde 127. The triene 126 was dihydoxylated under Upjohn conditions,59 and the 





dihydroxylation is favored in electron-rich olefins, dihydroxylation occurred at the terminal 
olefin rather than the electron-deficient conjugated olefin.  
 
Scheme 16. Synthesis of enone 126 and oxidative cleavage of terminal olefin 
 
Reagents and conditions: (a) PhSeCl, NaH, THF, -10 °C, 3 h; (b) H2O2, CH2Cl2, 0 °C, 2 h, 78% for 2 
steps; (c) OsO4, NMO, THF/t-BuOH/H2O (5 : 5 : 1), rt, 4 h, then NaIO4, rt, 1 h, 68%. 
 
Meanwhile, the triene should have been hydroxylated prior to the oxidative cleavage step 
(Scheme 17). However, when the enone 126 was exposed to basic conditions, the labile 
ether bond, which was located on the β position of the carbonyl functionality, was broken 
via beta-elimination to form a byproduct. Because (+)-brasilenyne and related oxonane 
natural products possess various substituents such as halogens at the C7 position, the 
hydroxylation is essential to the syntheses of oxonane natural products. In addition, 
desulfonylation of an enone 126 was not successful. From these results, we concluded that 
our synthetic oxonene strategy was not suitable for the synthesis of oxonane natural 
products syntheses. Nevertheless, the regioselectivity of the intramolecular Tsuji-Trost 
allylic alkylation indicated that our synthetic strategy was still a useful tool for oxonane 











2. Initial Attempt to Synthesize (+)-Brasilenyne 
2-1. Regio- and Diastereoselective Epoxide Ring Opening 
Because the introduction of a hydroxyl group at the C7 position after cyclization was not 
easy, we decided to introduce a hydroxyl group during the preparation of the allylic 
carbonate precursor. Considering the synthetic hurdles in the construction of a hydroxyl 
group at the C7 position with appropriate chirality, we thought that hydroxylation at the α 
position of the carbonyl functionality would not be efficient. Instead, the epoxide ring-
opening reaction could be a solution to the synthetic problems. In the epoxide ring-opening 
reaction, a new covalent bond forms between an epoxide and nucleophile, and a free 
hydroxyl group will be formed. Because the type of new covalent bond can be varied by 
varying the type of nucleophile, the opening reaction between the epoxide and alcohol can 
provide new ether bond. In addition, by using optically active vinyl epoxide, the 
regioselectivity and diastereoselectivity of the reaction can be controlled (Scheme 18).60 
When the epoxide is activated by a Lewis acid catalyst, the nucleophile will attack a more 
activated allylic position via an SN2-type replacement, which causes an inversion of the 
stereochemistry of the attacked carbon. For this reason, we decided to apply the epoxide 










2-2. Retrosynthetic Analysis of (+)-Brasilenyne 
The retrosynthetic plan for the synthesis of (+)-brasilenyne (5) is outlined in Scheme 19. 
The final stage of the synthesis would be directly accomplished by halide displacement at 
the C7-hydroxyl group. The labile terminal enyne moiety would be introduced by Julia 
olefination.61 The alcohol 128 would be introduced by the hydroboration-oxidation reaction 
of the terminal olefin of the conjugated enone 129, and the carbonyl functionality of the 
enone would be removed. The conjugated enone 129 would be obtained by desulfonylation 
of the key oxonene intermediate 130, followed by Saegusa-Ito oxidation58 of the remaining 
ketone. The key oxonene intermediate 130 would be introduced by the intramolecular Tsuji-
Trost allylic alkylation of the allylic carbonate precursor 131, which could be transformed 
from a highly functionalized ether 132. The ether 132 would be directly obtained from a 
selective epoxide ring-opening reaction.60 In this convergent manner, a purposed ether can 
be efficiently synthesized in a one-step reaction of two components, which can be prepared 





















































2-3. Preparation of Epoxide 133 and Alcohol 134 
Our synthesis of (+)-brasilenyne (5) was commenced by preparation of two optically 
active components of the selective epoxide ring-opening reaction. First, the optically active 
epoxide 134 was synthesized from commercially available divinyl carbinol (135) (Scheme 
20). Sharpless asymmetric epoxidation29 of the allylic alcohol 135 followed by base-
induced Payne rearrangement gave an optically pure epoxide 137. The free hydroxyl group 





Scheme 20. Preparation of allylic epoxide 133 
 
Reagents and conditions: (a) (-)-DIPT, Ti(Oi-Pr)4, cumene hydroperoxide, MS 4Å, CH2Cl2, -35 °C, 36 
h; (b) NaOH, H2O, 0 °C, 2 h, 56% for 2 steps; (c) TIPSCl, imidazole, DMAP, CH2Cl2, 0 °C, 3 h, 95%. 
 
The optically active allylic secondary alcohol was synthesized from methyl trans-3-
hexenoate (136) (Scheme 21). Sharpless asymmetric dihydroxylation62 of the olefin 
produced a diol, which was spontaneously lactonized to give a γ-lactone 138. When the 
lactone was dissolved in methanol in the presence of an acidic catalyst, the methyl ester 139 
and lactone 138 existed in equilibrium. The temporarily exposed diol 139 was reacted with 
2,2-dimethoxy propane to afford an acetonide 140. The ether bond at the β position of the 
carbonyl group was cleaved under basic conditions through β-elimination, and the resulting  
 
Scheme 21. Preparation of secondary alcohol 134 
 
Reagents and conditions: (a) AD-mix-α, methanesulfonamide, t-BuOH/H2O (1 : 1), 0 °C, 12 h; (b) 
2,2-dimethoxypropane, Amberlyst® 15, MeOH, rt, 36 h, 75% for 2 steps; (c) LDA, THF, -78 °C, 2 h, 






γ-hydroxyl-α,β-unsaturated ester 141 was reduced by DIBAL. Selective acetylation of the 
primary hydroxyl group in the diol produced an allylic secondary alcohol 134. 
 
2-4. Epoxide Ring Opening 
With the two components of the epoxide ring-opening reaction in hand, we conducted the 
epoxide ring-opening reaction in the presence of various Lewis acid catalysts (Table 2). 
Among them, Cu(OTf)263 performed the best. We obtained highly functionalized ether in 
61% yield, but the SN2’-type adduct was consistently produced in a yield of approximately 
30% despite our continuous efforts. Nevertheless, we could obtain the desired ether in a 
highly convergent manner, which was far more efficient than the previous linear approach. 
 
Table 2. Ring opening of allylic epoxide 133 by alcohol 134 
 
 
Entry Lewis acid Solvent Temperature Results(108 : 124) 
1 BF3∙OEt2 
CH2Cl2 
0 oC Degradation 
2 CuBF4 0 oC Degradation 
3 AuCl 0 oC 43% (1 : 1) 
4 Cu(OTf)2 0 oC 91% (2 : 1) 
5 Cu(OTf)2 -10 oC 56% (2.4 : 1) 





2-5. Preparation of Pd(0)-Catalyzed Cyclization Precursor 131 
MOM protection of the free hydroxyl group followed by TIPS deprotection gave a 
primary alcohol 144 (Scheme 22). The alcohol 144 was oxidized with Dess-Martin 
periodinane,57 and the resulting aldehyde was condensed with methyl phenyl sulfone. The 
acetyl protecting group of the allylic alcohol, which is labile under basic conditions, was 
also removed to afford a diol 145. The primary hydroxyl group of the diol 145 selectively 
underwent ethoxycarbonylation, and the remaining secondary alcohol was oxidized to a 
ketone 131 using Dess-Martin periodinane.57  
 


































146 131  
Reagents and conditions: (a) MOMCl, N,N-diisopropylethylamine, TBAI, CH2Cl2, rt to reflux, 12 h, 
92%; (b) TBAF, THF, rt, 2 h, 96%; (c) DMP, NaHCO3, CH2Cl2, 0 °C to rt, 2 h; (d) methyl phenyl 
sulfone, n-BuLi, THF, -78 °C, 3 h, 74% for 2 steps; (e) ethyl chloroformate, pyridine, CH2Cl2, -10 °C, 







2-6. Pd(0)-Catalyzed Cyclization of Allylic Carbonate 131 
With the cyclization precursor in hand, we executed the intramolecular Tsuji-Trost allylic 
alkylation to obtain the desired oxonene skeleton (Scheme 23). The Pd(dppe)2-catalyzed 
cyclization of allylic carbonate 131 in refluxing acetonitrile, which were the optimized 
conditions previously determined using the model precursor 109, gave the desired nine-
membered cyclic ether 130 without forming a seven-membered cyclic ether. We thought 
that this result was caused by the MOM-protected hydroxyl group, which enhanced the 
desired anti conformation of the transition state in the Pd(0)-catalyzed cyclization and 
increased the steric hindrance of the nucleophile such that the nucleophile attacked the 
sterically less hindered terminal site of the-allyl palladium complex.47,49,53 
 
Scheme 23. Pd(0)-catalyzed cyclization of allylic carbonate 131 
 
 
2-7. Construction of 1,3-cis,cis Diene Unit 
Further modification of the oxonene key intermediate 130 was carried out (Scheme 24). 
First, the sulfone group of the oxonene 130 was removed through Birch reduction.64 The 
resulting ketone 148 was reacted with LiHMDS, TMSCl and Et3N. A proton at the 
sterically unhindered α position of the carbonyl group was selectively abstracted, the 





The silyl enol ether 149 was converted to the corresponding enone 129 using Pd(OAc)2.58 
 
Scheme 24. Desulfonylation and Saegusa-Ito oxidation of ketone 148 
 
Reagents and conditions: (a) Na, NH3(l), THF, -78 °C, 30 min, 72%; (b) TMSCl, LiHMDS, Et3N, 
CH2Cl2, -78 °C, 30 min; (c) Pd(OAc)2, MeCN, rt, 2 h, 67% for 2 steps. 
 
2-8. Approaches to Deoxygenation of Carbonyl Group 
For completion of the synthesis of (+)-brasilenyne, the carbonyl functionality in the 
oxonene skeleton must be removed. First, we attempted to transform the carbonyl 
functionality to a thioketone or thioketal, which would be reduced to an alkane by metals 
such as Ra/Ni (Scheme 25). Unfortunately, the conjugated enone 129 did not react with 
Lawesson’s reagent.65 When the enone 129 was reacted with a dithiol in the presence of a 
Lewis acid to form the corresponding thioketal, the MOM protecting group was removed 
without carbonyl transformation. 
 







After the failure of the direct formation of a thioketone or thioketal, we conducted a Luche 
reduction, a carbonyl-selective reducing procedure in an enone system (Scheme 26). The 
allylic alcohol 150 was transformed to a thioester 151, followed by treatment with AIBN 
and Bu3SnH. This Barton-McCombie deoxygenation66 was not successful because of the 
poor selectivity in the formation of the radical. Then, a leaving group such as acetate was 
introduced to the allylic alcohol, and the direct hydride substitution of the allylic leaving 
group or the Pd-catalyzed reduction with a hydride source was conducted (Table 3). There 
were no satisfactory results obtained under these reaction conditions because the reactivity 
of the synthetic allylic compounds was poor. 
 
Scheme 26. Barton-Mccombie deoxygenation 
 
Reagents and conditions: (a) NaBH4, CeCl3, MeOH, 0 °C, 1 h, 97%; (b) CS2, NaH, MeI, THF, 0 °C, 


































Reagents and conditions: (a) ethyl vinyl ether, PPTS, CH2Cl2, 0 °C, 1 h, 86%; (b) Ac2O, Et3N, CH2Cl2, 
0 °C, 30 min, 91%; (c) ethyl chloroformate, Et3N, CH2Cl2, 0 °C, 30 min, 94%.  
 
Entry Substrate Pd source H- source Solvent Temperature Results 
1 150 - LAH, SO3∙py THF 0 oC Degradation 






rt No reaction 




6 PH2SiH2 No reaction 
7 154 LiBH4 0 oC Degradation 
 
Lastly, the allylic hydroxyl group was halogenated using various halogen sources (Table 
4). To our delight, the desired corresponding halide was formed, although there were SN2’-
type byproducts. The allylic halides underwent direct hydride substitution, Pd-catalyzed 
reduction with a hydride source, or metal-mediated direct reduction. Unfortunately, the 
results of these reactions were not successful. Based on these results, we determined that 





the Tsuji-Trost reaction. 
Table 4. Approaches to deoxygenation of hydroxyl group-2 
 
Reagents and conditions: (a) CCl4, nOct3P, pyridine, toluene, 40 °C, 2 h, 71%; (b) CBr4, nOct3P, 
pyridine, toluene, 40 °C, 2 h, 64%; (c) I2, PPh3, imidazole, CH2Cl2, 0 °C, 1 h, 58%. 
 
Entry Substrate Condition Results 
1 
155 
LAH, THF, rt No reaction 
2 Ra-Ni, THF, rt No reaction 
3 Pd(PPh3)4, Bu3SnH, THF, 50 °C Unidentified byproduc 
4 AIBN, Bu3SnH, toluene, 60 °C Degradation 
5 NaBH4, aq. 70% diglyme, rt 1,4-diene 
6 
156 
LAH, THF, rt Degradation 
7 Ra-Ni, THF, rt No reaction 
8 Pd(PPh3)4, Bu3SnH, THF, 50 °C Degradation 
9 AIBN, Bu3SnH, toluene, 60 °C Degradation 
10 
157 
LAH, THF, rt Degradation 
11 Ra-Ni, THF, rt Degradation 





3. Total Synthesis of (+)-Brasilenyne 
 3-1. Revised Retrosynthetic Analysis of (+)-Brasilenyne  
We decided that the ketone group of the allylic carbonate precursor should be removed 
(Scheme 27). Because the nucleophile of the cyclization precursor should have two 
electron-withdrawing groups, we needed one more electron-withdrawing group. 
Considering the functionalization ability of the newly introduced group, we planned to 
introduce a methyl ester functionality to the alpha position of the sulfone in the allylic 
carbonate. Using this strategy, a deoxygenation step would not be necessary, and the 1,3-
cis,cis-conjugated diene unit in the oxonane system could be obtained through 
decarboxylative functionalization of the ester group.  
 













The retrosynthetic plan applying this strategy is outlined in Scheme 28. The C7-chloride 
would be directly introduced via halide displacement of the C7-hydroxy group. The labile 
enyne moiety would be introduced through Julia olefination,61 and the 9,10-ring olefin 
would be constructed through the regioselective selenoxide elimination of selenide 159 
with the preexisting ring olefin intact. The phenyl selenide 159 can be derived from 
oxonene 160 through desulfonylation and decarboxylative functionalization of the ester.67 
The key α,α’-trans-substituted oxonene 160, which possesses the appropriate substituents 
to be converted to (+)-brasilenyne, would be effectively prepared through the regioselective 
Tsuji-Trost allylic alkylation of allylic carbonate 161. The cyclization precursor could be 





epoxide ring opening of the epoxide 163 with a secondary allylic alcohol 164.60 The two 
components of the epoxide ring-opening reaction could be prepared from commercially 
available divinyl carbinol (135) and methyl trans-3-hexenoate (136). 
 











3-2. Preparation of Pd(0)-Catalyzed Cyclization Precursor 161 
The synthesis of (+)-brasilenyne was commenced by preparation of cyclization precursor 
161, as shown in Scheme 29. The epoxy tosylate 163 was synthesized from the alcohol 137 
with TsCl, and the allylic carbonate 164 was produced by primary selective 
ethoxycarbonylation of the diol 165. The regio- and diastereoselective epoxide opening of 
the two synthetic components in the presence of Cu(OTf)263 produced ether 162 in 58% 
yield. The SN2’-type regioisomer was consistently produced despite our continuous efforts. 
TBS protection of the free hydroxyl group followed by reaction with a benzenesulfonyl 
acetate anion produced a trace amount of the cyclization precursor 161. Using the TBAI 
 
Scheme 29. Preparation of Pd(0)-catalyzed cyclization precursor 161 
 
Reagents and conditions: (a) TsCl, Et3N, DMAP, CH2Cl2, 0 °C, 2 h, 91%; (b) ethyl chloroformate, 
2,6-lutidine, MeCN, -20 °C, 2 h, 84%; (c) Cu(OTf)2, CH2Cl2, 0 °C, 1 h, 58%; (d) NaI, acetone, reflux, 
12h, 92%; (e) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 1 h, 93%; (f) methyl phenylsulfonylacetate, NaH, 





additive, the corresponding iodide 167, which is more reactive than the tosylate, was 
formed in situ, and the yield of the substitution was improved. Therefore, we decided that 
the tosylate 162 should be replaced by iodide prior to the substitution. The tosylate 162 was 
treated with NaI, and the hydroxyl group of the resulting iodide 166 was protected with 
TBSOTf. The iodide 167 reacted with a benzenesulfonyl acetate anion to afford the 
cyclization precursor 161. 
 
3-3. Pd(0)-Catalyzed Cyclization of Allylic Carbonate 161 
The intramolecular Tsuji-Trost allylic alkylation of carbonate 161 under the previously 
optimized cyclization condition afforded the endo cyclization product 160 in 66% isolated 
yield, along with 11% of the (E)-olefinic isomer. Although a seven-membered cyclic ether 
168 was not observed under those reaction conditions, we needed to optimize the reaction 
conditions to minimize production of the (E)-isomer (Table 5). The results obtained under 
various conditions are outlined in Table. Under the optimized conditions, the desired 
oxonene 160 was produced in 75% isolated yield, along with a small amount (8%) of the 
(E)-isomer. The excellent regioselectivity of the endo cyclization with allylic carbonate 161 
is likely due to the preferred attack of the bulky benzenesulfonyl acetate anion at the 
sterically less hindered terminal carbon of the –allyl palladium complex. In addition, the 
TBS-protected hydroxyl group might induce the favorable conformation of the transition 











Table 5. Pd(0)-catalyzed cyclization of allylic carbonate 161 
 
 
Entry Solvent Temperature Yield 
1 
MeCN 
rt to 60 oC 55% 
2 60 oC 61% 
3 reflux 66% 
4 
DMSO 
60 oC 75% 
5 90 oC 64% 
6 THF reflux 47% 
 
3-4. Initial Attempts to Construct 1,3-cis,cis Diene Unit 
We next focused on efficient elaboration of the diene moiety in the oxonene skeleton 
(Scheme 30). Initial attempts at decarboxylation of the oxonene 160 followed by direct 
elimination of the benzenesulfonyl group to obtain a diene system were not successful. 
Thus, removal of the benzenesulfonyl group of 160 with samarium iodide followed by ester 
hydrolysis afforded the acid 172 in 90% yield for two steps. We tried to directly transform 
the acid to the corresponding halide via the Kochi reaction.68 Unfortunately, our efforts 
proved to be unsuccessful. In addition, efforts to directly eliminate the acid under Kochi 




































































Reagents and conditions: (a) TBAOAc, DMSO, 100 °C, 12 h, 97%; (b) SmI2, THF, MeOH, -78 °C, 3 
h, 97%; (c) LiOH·H2O, THF/H2O/MeOH (1 : 1 : 1), 8 h, 93%; (d) (9-BBN)2, THF, rt, 6 h, then 2N 
NaOH, H2O2, 0 °C, 3 h, 63%; (e) TBSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 1 h, 88%; (f) LiOH·H2O, 







3-5. Construction of 1,3-cis,cis Diene Unit 
Therefore, we decided to use decarboxylative photo-phenylselenylation (Scheme 31). 
Reaction of the acid 172 with hydroxyphthalimide in the presence of DCC produced an 
ester 174, which was transformed into the phenylseleno oxonene 159 in 72% yield for two 
steps via treatment with diphenyl selenide and BNAH in the presence of a ruthenium 
catalyst.67 As shown in Table 6 and Table 7, the facile regioselective elimination of 
selenide provided the corresponding triene 176 in 67% yield, along with a small amount of 
the regioisomeric triene 177 and the (E)-olefinic isomer 178. However, replacing the TBS 
protecting group of selenide with TBDPS produced the triene 186 in 90% isolated yield 
with only a small amount of the regioisomeric triene 188 (Scheme 32). Formation of the 
favorable conformation for the excellent regioselective syn-elimination of the selenoxide 
produced from the selenide is likely induced by a steric effect of the bulky TBDPS group. 
 
Scheme 31. Synthesis of phenyl selenide 159 
 
Reagents and conditions: (a) N-hydroxyphthalimide, DCC, DMAP, THF, rt, 4 h, 91%; (b) (PhSe)2, 
Ru(bpy)3Cl2·6H2O, 1-benzyl-1,4-dihydronicotinamide, blue LEDs, THF/H2O (2 : 1), rt, 2 h, 79% of 







Table 6. Selenoxide elimination of phenyl selenide 159 
  
 
Entry Condition Result (176 : 177 : 178) 
1 H2O2, CH2Cl2, 0 °C 44% (2 : 1 : 1) 
2 H2O2, THF, 0 °C 54% (2 : 1 : 1) 
3 H2O2, Et3N, THF, 0 °C 86% (2 : 1: 0) 
4 H2O2, pyridine, 2-methyl-2-butene, CH2Cl2, 0 °C 97% (4 : 1 :1) 
5 NaIO4, NaHCO3, MeOH/THF/H2O (2 : 1 : 1), reflux 66% (3 : 2 : 0) 
6 2-NsCl, KO2, MeCN, -15 °C to rt 51% (1 : 1 : 0) 
 
 
Table 7. Selenoxide elimination of phenyl selenide 179 
 
 
Entry Condition Result (180 : 181 : 182) 
1 H2O2, CH2Cl2, 0 °C 22% (1 : 2 : 1) 
2 H2O2, THF, 0 °C 42% (1 : 1 : 0) 
3 H2O2, Et3N, THF, 0 °C 87% (0 : 1 : 1) 
4 H2O2, pyridine, 2-methyl-2-butene, CH2Cl2, 0 °C 95% (1 : 4 : 2) 
5 NaIO4, NaHCO3, MeOH/THF/H2O (2 : 1 : 1), reflux 66% (181 only) 
























184 R = H, 185
R = TBDPS, 186
R = H, 187
R = TBDPS, 188  
Reagents and conditions: (a) TBAF, THF, rt, 3 h, 94%; (b) H2O2, 2-methyl-2-butene, pyridine, 0 °C, 
CH2Cl2, 12 h, 47% for 185 + 44% for 187; (c) TBDPSOTf, 2,6-lutidine, CH2Cl2, 0 °C, 4 h, 88%; (d) 
H2O2, 2-methyl-2-butene, pyridine, CH2Cl2, 0 °C, 12 h, 90% for 186 + 9% for 188. 
 
3-6. Completion of Total Synthesis of (+)-Brasilenyne 
The triene 186 was reacted with 9-BBN to give an alcohol 158 in 72% yield (Scheme 
33). For completion of the synthesis, the stereoselective formation of the enyne moiety was 
extensively examined. The reaction of the aldehyde obtained from the Dess-Martin 
periodinane oxidation of 158 with benzothiazolyl sulfone A61 in the presence of DBU 
produced the cis-enyne product 189 in 82% yield. Deprotection of the TBDPS group, as 
well as the TMS group, with TBAF afforded the hydroxy enyne in 93% yield; then, the 
resulting alcohol was reacted with CCl4 and P(Oct)317 to produce (+)-brasilenyne (5) in 
92% yield. The synthetic (+)-brasilenyne (5) was identical in all respects to the natural (+)-
































Reagents and conditions: (a) (9-BBN)2, THF, rt, 8 h, then, 2N NaOH, H2O2, 0 °C, 1 h, 72%; (b) DMP, 
NaHCO3, CH2Cl2, rt, 1 h, then, A, DBU, -55 °C, 2 h, 83% (Z : E > 20 : 1); (c) TBAF, THF, rt, 6 h, 
99%; (d) CCl4, nOct3P, toluene, 60 °C, 12 h, 92%. 
 
4. Total Syntheses of Obtusenyne Congeners 
4-1. Retrosynthetic Analysis of Obtusenyne Congeners 
After completion of the (+)-brasilenyne (5) synthesis, we turned our attention to the 
synthesis of obtusenyne congeners. By completing the synthesis of obtusenyne congeners, 
we believed that our synthetic strategy would be confirmed as a general strategy for 
oxonane natural products from Laurencia species. The retrosynthetic analysis of the 
obtusenyne congeners is outlined in Scheme 34. We expected that obtusenyne congeners 
could be synthesized from alcohol 190. The C7-chloride and C12-bromide would be 
directly introduced via halide displacement of the C7 and C12 hydroxyl groups. The labile 
enyne moiety would be introduced through Julia olefination or Wittig olefination depending 
on the olefin geometry, and the 9,10-ring olefin would be constructed through the 
selenoxide elimination of selenide 191. The phenyl selenide 191 can be derived from 
desulfonylation, asymmetric epoxidation and decarboxylative functionalization of the ester. 





the (+)-brasilenyne synthesis. 
 
















































4-2. Initial Attempts to Synthesize Alcohol 190 
We commenced our synthesis of (+)-obtusenyne with the decarboxylation of oxonene 
160 (Scheme 35). Then, the epoxidation of the olefin in the resulting sulfone 170 gave four 





the epoxides using a selenide nucleophile. Among the two diastereomers, the major 
diastereomer reacted well with the nucleophile to afford an alcohol 193, but the minor 
diastereomer did not react with the nucleophile. Subsequent dehydration via oxidative 
elimination of the phenylselenyl group afforded an allylic alcohol 194. With the assistance 
of a phenyl sulfone group, the DBU-promoted olefin isomerization of the alcohol was 
successfully carried out to produce the desired 9,10-olefin. To confirm the stereochemistry 
of the isomerized olefin in the alcohol 195, we tried to remove the sulfone group under 
various conditions, but the tested conditions produced the undesired reduced sulfone or 
nothing. We gave up on the abovementioned approach because there were too many 
problems, such as the mixture of diastereomers and failure of desulfonylation. 
 
Scheme 35. Approaches to synthesis of alcohol 190-1 
 
Reagents and conditions: (a) DMDO, CH2Cl2, rt, 2 h, 88% (dr < 5 : 1); (b) (PhSe)2, NaBH4, EtOH, 
reflux, 12 h, 54%; (c) H2O2, 2-methyl-2-butene, pyridine, CH2Cl2, 0 °C,12 h, 91%; (d) DBU, THF, 





Therefore, we removed the remaining sulfone of the oxonene 170 prior to epoxidation 
(Scheme 36). The resulting oxonene 196 was epoxidized to produce an epoxide 197 with a 
single diastereomer. We then attempted to open the epoxide using various nucleophiles, but 
no reaction was observed with any of the tested nucleophiles. Under acidic conditions for 
activating the epoxide, intramolecular epoxide opening occurred at the C7 hydroxyl group. 
 































Reagents and conditions: (a) 5% Na/Hg, Na2HPO4, THF/MeOH (2 : 1), 0 °C, 2 h, 91%; (b) mCPBA, 
CH2Cl2, 0 °C, 2 h, 89%; (c) TMSCl, DBU, MeCN, 0 °C, 2 h. 
 
4-3. Synthesis of Alcohol 190 
We then attempted to synthesize the N-(acyloxy)phthalimde (Scheme 37). Aa 
demonstrated in the synthesis of (+)-brasilenyne, we would prepare the corresponding 
phenyl selenide through decarboxylative phenylselenenylation of the ester, and subsequent 





acid did not give satisfactory results. A mixture of diastereomers was produced with 
moderate selectivity, and the resulting epoxides could not afford the desired N-
(acyloxy)phthalimide. Fortunately, N-(acyloxy)phthalimide, used in (+)-brasilenyne 
synthesis, gave a mixture of two diastereomers of the epoxide, along with small amounts of 
over-oxidized products. Using the decarboxylative photo-phenylselenenylation reaction,67  
 
 
  Scheme 37. Synthesis of alcohol 190 
 
Reagents and conditions: (a) DMDO, rt, 3 h, 79%; (b) (PhSe)2, Ru(bpy)3Cl2·6H2O, 1-benzyl-1,4-
dihydronicotinamide, blue LEDs, THF/H2O (2 : 1), rt, 2 h, 83%; (c) H2O2, 2-methyl-2-butene, 
pyridine, CH2Cl2, 0 °C,12 h, 41% for 199 + 30% for 200 + 14% for 201 + 14% for 202; (d) DIBAL-H, 





we confirmed the stereogenic centers of the epoxide to be identical. Oxidative elimination 
of the resulting phenyl selenide gave the desired allylic epoxide in 43% yield, along with 
regio- and stereoisomers. The allylic epoxide was opened using a hydride with the ate 
complex of DIBAL-H and n-BuLi23 to afford the desired core structure of the obtusenyne 





























We accomplished the asymmetric total synthesis of (+)-brasilenyne in 18 steps from the 
known γ-hydroxyl-α,β-unsaturated ester. The key features of our synthesis involve a 
selective epoxide ring-opening reaction to construct the stereochemistry at the α,α’-position 
of the ether linkage as well as the C7 hydroxyl group and the regioselective intramolecular 
Tsuji-Trost allylic alkylation to produce the core oxonane skeleton. In addition, we 
successfully introduced a 1,3-cis,cis-diene unit, which is a formidable challenge, to 
complete the total synthesis of (+)-brasilenyne through a decarboxylative photo-
phenylselenenylation/selenoxide elimination sequence. Finally, we selectively obtained the 
cis-enyne side chain through a modified Julia olefination, which is superior to the Peterson 
type olefination used by Denmark et al. 
We also synthesized the core structure of the obtusenyne congeners from the synthetic 
intermediate of (+)-brasilenyne. In this synthesis, a substrate-controlled diastereoselective 
epoxidation, decarboxylative photo-phenylselenenylation/selenoxide elimination sequence, 
and regioselective epoxide opening were efficiently employed to construct the core 
structure. Our unified synthetic strategy is expected to be widely applicable to the syntheses 

















Unless otherwise described, all commercial reagents and solvents were purchased from 
commercial suppliers and used without further purification, and all anhydrous reactions 
were carried out under argon gas (1 atm) in flame or oven-dried glassware. Tetrahydrofuran 
and diethyl ether were distilled from sodium benzophenone ketyl. Dichloromethane, 
triethylamine, were freshly distilled with calcium hydride. Flash column chromatography 
was carried out using silica-gel 60 (230-400 mesh, Merck) and preparative thin layer 
chromatography was used with glass-backed silica gel plates (1mm, Merck). Thin layer 
chromatography was performed to monitor reactions. Optical rotations were measured 
using a JASCO DIP-2000 digital polarimeter at 20 ℃ using 10 or 100 mm cells of 3 mm 
diameter. Infrared spectra were recorded on a JASCO FT-IR-4200 spectrometer. Mass 
spectra were obtained using a VG Trio-2 GC-MS instrument, and high resolution mass 
spectra were obtained using JEOL JMS-700 and Agilent 6530 Q-TOF instruments. 1H and 
13C NMR spectra were recorded using JEOL JNM-ECA-600, JEOL JNM-LA 300, 
BRUKER AVANCE-800, BRUKER AVANCE-500, BRUKER AVANCE-400, and Varian 
Gemini-2000 spectrometers. Chemical shifts are expressed in parts per million (ppm, ) 
downfield from tetramethylsilane, and were referenced to the deuterated solvent (CDCl3, 
MeOD). 1H-NMR data are reported in the order of chemical shift, multiplicity (s, singlet; d, 
doublet; dd, doublet of doublets; t, triplet; dt, doublet of triplets; td, triplet of doublets; tt, 
triplet of triplets; q, quartet; qd, qurtet of doublets; dq, doublet of quartets; quint, quintet; d 
quint, doublet of quintets; m. multiplet; br, broad), coupling constant in hertz (Hz) and 








To a cooled (0 °C) suspension of NaH (3.2 g, 79.37 mmol) in THF (35 mL) was added a 
solution of (R)-glycidol (4.9 g, 66.14 mmol) in THF (10 mL). After the reaction mixture 
was stirred for 30 min at the same temperature, PMBCl (13.5 mL, 99.22 mmol) and TBAI 
(2.4 g, 6.61 mmol) were added. After stirring for 3.5 h at room temperature, the reaction 
mixture was quenched with saturated NH4Cl solution and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 10.2 g (79%) of PMB ether 114 as a colorless oil: 1H NMR (400 MHz, 
CDCl3) δ 7.25 (d, J = 10.3 Hz, 2H), 6.86 (d, J = 8.5 Hz, 2H), 4.50 (q, J = 11.5 Hz, 2H), 
3.79 (s, 3H), 3.71 (dd, J = 11.4, 3.0 Hz, 1H), 3.40 (dd, J = 11.4, 5.8 Hz, 1H), 3.17-3.13 (m, 




To a cooled (-78 °C) suspension of CuBr·SMe2 (0.97 g, 4.71 mmol) in THF (20 mL) was 
added MeMgCl (0.5 M in THF, 140ml, 70 mmol). After the reaction mixture was stirred for 
1.5 h at the same temperature, a solution of epoxide 114 (9.15 g, 47.11 mmol) in THF (30 
mL) was added. After stirring for 30 min at the same temperature, the reaction mixture was 
quenched with saturated NH4Cl solution, filtered through a pad of Celite, and extracted 
with Et2O. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 





MHz, CDCl3) δ 7.24 (d, J = 8.4 Hz, 2H), 6.87 (d, J = 8.6 Hz, 2H), 4.47 (s, 2H), 3.79 (s, 3H), 
3.73-3.68 (m, 1H), 3.47 (dd, J = 9.5, 3.0 Hz, 1H), 3.28 (dd, J = 9.1, 8.1 Hz, 1H), 2.29 (d, J 
= 3.3 Hz, 1H), 1.49-1.42 (m, 2H), 0.93 (t, J = 7.5 Hz, 3H). 
 
(S)-2-((1-((4-methoxybenzyl)oxy)butan-2-yl)oxy)acetic acid (112) 
 
To a cooled (0 °C) suspension of NaH (2.6 g, 64.20 mmol) in THF (10 mL) was added a 
solution of iodoacetic acid (6.0 g, 32.10 mmol) in THF (10 mL). After the reaction mixture 
was stirred for 1 h at the same temperature, a solution of alcohol 115 (4.5 g, 21.40 mmol) in 
THF (10 mL) was added. After stirring for 8 h at 50 °C, the reaction mixture was quenched 
with saturated NH4Cl solution and extracted with EtOAc. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 1) to provide 4.3 g (75%) of acid 
112 as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 7.24 (d, J = 8.5 Hz, 2H), 6.87 (d, J = 
8.6 Hz, 2H), 4.54 (dd, J = 18.0,11.6 Hz, 2H), 4.30 (d, J = 17.2 Hz, 1H), 4.01 (d, J = 17.4 Hz, 
















trimethylamine (7.5 mL, 54.12 mmol) and pivaloyl chloride (6.7 mL, 54.12 mmol). The 
resulting mixture was stirred at 0 °C for 1 h. To the above solution was added a precooled 
lithiated (R)-4-benzyl-2-oxazolidinone suspension prepared by adding n-BuLi (2.5 M in 
THF, 23.6 mL, 59.04 mmol) into a solution of (R)-4-benzyl-2-oxazolidinone (11.0 g, 63.96 
mmol) in THF (150 mL) at -78 °C. After stirring for overnight at the same temperature, the 
reaction mixture was quenched with saturated NH4Cl solution and extracted with EtOAc. 
The combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
3) to provide 18.1 g (86%) of amide 116 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 
7.32-7.29 (m, 2H), 7.25 (dd, J = 7.3, 5.0 Hz, 1H), 7.25 (d, J = 8.7 Hz, 2H), 7.17 (d, J = 6.9 
Hz, 2H), 6.85 (d, J = 8.7 Hz, 1H) 4.85 (s, 2H), 4.61 (ddt, J = 9.8, 7.6, 3.2 Hz, 1H), 4.45 (s, 
2H), 4.17 (td, J = 9.1, 7.4 Hz, 1H), 4.14 (dd, J = 9.2, 3.2 Hz, 1H), 3.77 (s, 3H), 3.61-3.57 
(m, 1H), 3.58 (t., J = 6.0 Hz, 1H), 3.52 (q, J = 6.4 Hz, 1H), 3.29 (dd, J = 13.3, 3.2 Hz, 1H), 





To a cooled (-78 °C) solution 0.2 M solution of NaHMDS in THF (50.0 mL, 10.00 mmol) 
was added a solution of amide 116 (3.0g, 7.02 mmo) in THF (36 mL). After the reaction 
mixture was stirred for 30 min at the same temperature, allyl iodide (3.2 mL, 35.09 mmol) 
was added. The reaction mixture was then allowed to warm to -45 °C. After stirring for 30 





extracted with EtOAc. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 6) to provide 2.6 g (80%) of 116a as a colorless 
oil: 1H NMR (300 MHz, CDCl3) δ 7.28-7.11 (m, 7H), 6.79 (d, J = 8.8 Hz, 2H), 5.88 (ddt, J 
= 17.1, 10.2, 7.1 Hz, 1H), 5.39 (dd, J = 7.0, 4.4 Hz, 1H), 5.06 (dd, J = 17.4, 1.7 Hz, 1H), 
5.02 (d, J = 10.3 Hz, 1H), 4.54 (ddt, J = 9.8, 8.2, 3.2 Hz, 1H), 4.33 (s, 2H), 4.03 (dd, J = 9.2, 
2.9 Hz, 1H), 3.87 (t, J = 8.5 Hz, 1H), 3.72 (s, 3H), 3.52-3.40 (m, 3H), 3.18 (dd, J = 13.3, 
3.2 Hz, 1H), 2.58 (dd, J = 13.4, 9.9 Hz, 1H), 2.55-2.36 (m, 2H), 1.59-1.50 (m, 2H), 0.90 (t, 




To a cooled (0 °C) solution of amide 116a (2.6 g, 5.62 mmol) in Et2O (70 mL) were added 
MeOH (0.6 mL, 14.04 mmol) and LiBH4 (2 M in THF, 10.5 mL, 21.00 mml). After stirring 
for 2 h at the same temperature, the reaction mixture was quenched with saturated 
Rochelle’s solution and extracted with Et2O. The combined organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash 
column chromatography (EtOAc : n-hexane = 1 : 3) to provide 1.3 g (81%) of alcohol 117 
as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 7.23 (d, J = 8.5 Hz, 2H), 6.86 (d, J = 8.5 
Hz, 2H), 5.77 (ddt, J = 17.2, 10.0, 7.2 Hz, 1H), 5.05 (dd, J = 17.2, 1.4 Hz, 1H), 5.01(d, J = 
10.3 Hz, 1H), 4.44 (d, J = 1.6 Hz, 2H), 3.78 (s, 3H), 3.64-3.56 (m, 2H), 3.55-3.46 (m, 2H), 
3.44-3.39 (m, 2H), 2.36-2.29 (m, 1H), 2.28-2.19 (m, 1H), 2.17-2.12 (m, 1H), 1.59-1.42 (m, 









To a cooled (0 °C) solution of alcohol 117 (1.2 g 4.08 mmol) in CH2Cl2 (40 mL) were 
added 2,6-lutidine (1.7 mL, 14.27 mmol) and t-butyldimehtylsilyl trifluoromethanesulfo-
nate (1.4 mL, 6.11 mmol). After stirring for 1 h at the same temperature, the reaction 
mixture was quenched with saturated NH4Cl solution and extracted with CH2Cl2. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 




To a solution of PMB ether 117a (1.7 g, 4.08 mmol) in a mixture of CH2Cl2 and pH 7 
buffer (10 : 1, 40 mL) was added DDQ (1.1 g, 4.89 mmol) at room temperature. After 
stirring for 6 h at the same temperature, the reaction mixuter was filtered through a pad of 
Celite and extracted with CH2Cl2. The combined organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 10 to 1 : 6) to provide 1.0 g (88%) of alcohol 118 







 (S)-2-(((S)-1-((tert-butyldimethylsilyl)oxy)pent-4-en-2-yl)oxy)butanal (119) 
 
To a suspension of 4Å molecular sieve (1224 mg), TPAP (215 mg, 0.61 mmol) and NMO 
(717 mg, 6.12 mmol) in CH2Cl2 (40 mL) was added a solution of alcohol 118 (1177 mg, 
4.08 mmol) in CH2Cl2 (5 mL) at room temperature. After stirring for 6 h at the same 
temperature, the reaction mixture was filtered through a pad of Celite and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 





To a cooled (0 °C) solution of triethyl phosphonoacetate (2.7 g, 12.24 mmol) in THF (12 
mL) was added KOt-Bu (1 M in THF, 10.2 mL, 10.20 mmol). After the reaction mixture 
was stirred for 30 min at room temperature, crude aldehyde 119 (4.08 mmol) in THF (4 
mL) was added at 0 °C. After stirring for 2 h at room temperature, the reaction mixture was 
quenched with saturaed NH4Cl solution and extracted with EtOAc. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide crude 
ester 120 as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 6.77 (dd, J = 15.7, 6.6 Hz, 1H), 
5.94 (d, J= 15.7 Hz, 1H), 5.77 (ddt, J = 17.1, 10.1, 7.1 Hz, 1H), 5.04 (d, J = 10.1 Hz, 1H), 





2H), 3.42-3.37 (m, 1H), 2.29-2.13 (m, 2H), 1.64-1.49 (m, 2H), 1.27 (t, J = 7.1 Hz, 3H), 0.88 




To a cooled (-78 °C) solution of crude ester 120 (4.08 mmol) in CH2Cl2 (20 mL) was 
added DIBAL-H (1 M in toluene, 8.2 mL, 8.20 mmol). After stirring for 1 h at the same 
temperature, the reaction mixture was quenched with saturated Rochelle’s solution and 
extracted with CH2Cl2. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 3) to provide 950 mg (74% for 3 steps) of  
alcohol 121 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 5.79 (ddt, J = 17.0, 10.2, 7.0 
Hz, 1H), 5.75 (dd, J = 15.7, 5.3 Hz, 1H), 5.53 (dd, J = 15.6, 7.8 Hz, 1H), 5.02 (d, J = 17.2 
Hz, 1H), 4.99 (d, J = 9.2 Hz, 1H), 4.14 (t, J = 5.0 Hz, 1H), 3.81 (dt, J = 7.5, 6.4 Hz, 1H), 
3.60-3.41 (m, 3H), 2.28-2.12 (m, 2H), 1.64-1.40 (m, 2H), 0.88 (s, 9H), 0.86 (t, J = 7.5 Hz, 





To a cooled (0 °C) solution of alcohol 121 (870 mg, 2.77 mmol) in CH2Cl2 (20 mL) were 





room temperature, the reaction mixture was quenched with water and extracted with 
CH2Cl2. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 
n-hexane = 1 : 6) to provide crude ether 121a as a colorless oil: 1H NMR (600 MHz, 
CDCl3) δ 5.81-5.74 (m, 1H), 5.67 (dddd, J = 15.6, 6.0, 5.9, 1.8 Hz, 1H), 5.53 (dddt, J = 
15.6, 7.8, 5.0, 1.4 Hz, 1H), 5.02 (d, J = 17.4 Hz, 1H), 4.97 (dd, J = 9.2, 1.4 Hz, 1H), 4.62 
(dt, J = 4.1, 3.2 Hz, 1H), 4.21 (dddd, J = 12.8, 6.2, 5.0, 1.4 Hz, 1H), 3.99 (ddt, J = 12.8, 6.4, 
1.4 Hz, 1H), 3.85 (ddd, J = 11.2, 8.3, 3.0 Hz, 1H), 3.79 (dt, J = 7.3, 6.9 Hz, 1H), 3.56 (ddd, 
J = 10.3, 5.7, 1.9 Hz, 1H) 3.50 (ddd, J = 10.3, 5.3, 1.8 Hz, 1H), 3.50-3.46 (m, 1H), 3.44 (dq, 
J = 6.9, 5.5 Hz, 1H), 2.28-2.23 (m, 1H), 2.17-2.11 (m, 1H), 1.85-1.79 (m, 1H), 1.73-1.67 






To a cooled (0 °C) solution of crude silyl ether 121a (2.77 mmol) in THF (15 mL) was 
added TBAF (1 M in THF, 8.4 mL, 8.40 mmol). After stirring for 2 h at room temperature, 
the reaction mixture was quenched with water and extracted with EtOAc. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 3) to 
provide 748 mg (95% for 2 steps) of alcohol 122 as a colorless oil: 1H NMR (600 MHz, 
CDCl3) δ 5.77-5.68 (m, 2H), 5.58 (dddt, J = 15.6, 7.6, 4.3, 1.4 Hz, 1H), 5.04 (dt, J = 17.0, 





1H), 3.98 (dd, J = 13.1, 6.2 Hz, 1H), 3.84 (ddd, J = 11.2, 8.3, 3.0 Hz, 1H), 3.74 (q, J = 6.9 
Hz, 1H), 3.65-3.62 (m, 1H), 3.51-3.44 (m, 3H), 2.30-2.26 (m, 1H), 2.26-2.19 (m, 1H), 1.88 
(t, J = 6.0 Hz, 1H), 1.84-1.78 (m, 1H), 1.72-1.68 (m, 1H), 1.65-1.54 (m, 3H), 1.53-1.45 (m, 





To a solution of alcohol 122 (0.7 g, 2.46 mmol) in toluene (25 mL) were added DIAD (2.4 
mL, 12.31 mmol), acetone cyanohydrin (2.3 mL, 24.61 mmol), and PPh3 (3.3g, 12.31 
mmol) at room temperature. The reaction mixture was then allowed to warm to 70 °C. After 
stirring for 8 h at the same temperature, the reaction mixture was quenched with water and 
extracted with CH2Cl2. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 6) to provide 620 mg (86%) of cyanide 122a as a 
colorless oil: 1H NMR (500 MHz, CDCl3) δ 5.76-5.67 (m, 2H), 5.54 (dddt, J = 15.6, 8.1, 
4.2, 1.5 Hz, 1H), 5.12 (d, J = 17.2 Hz, 1H), 5.09 (d, J = 10.2 Hz, 1H), 4.62-4.59 (m, 1H), 
4.22 (dd, J = 13.0, 5.2 Hz, 1H), 4.09 (ddt, J = 12.7, 5.9, 1.7 Hz), 3.85 (ddd, J = 11.1, 8.4, 
2.7 Hz, 1H), 3.74 (dt, J = 6.9, 6.7 Hz, 1H), 3,72-3.67 (m, 1H), 3.51-4.67 (m, 1H), 2.50 
(16.8, 5.2 Hz, 1H), 2.42 (ddd, J = 16.7, 5.7, 0.8 Hz, 1H), 2.39-2.27 (m, 2H), 1.85-1.77 (m, 













To a cooled (-78 °C) solution of cyanide 122a (500mg, 1.70 mmol) in CH2Cl2 (17 mL) 
was added DIBAL-H (1 M in toluene, 1.7 mL, 1.70 mmol). After stirring for 20 min at the 
same temperature, the reaction mixture was quenched with saturated Rochelle’s solution 
and extracted with CH2Cl2. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 10) to provide 393 mg (78%) of aldehyde 110 as a 
colorless oil: 1H NMR (500 MHz, CDCl3) δ 9.80 (t, J = 2.0 Hz, 1H), 5.78-5.70 (m, 2H), 
5.59 (dddt, J = 15.6, 7.8, 2.7, 1.4 Hz, 1H), 5.05 (d, J = 12.9 Hz, 1H), 5.04 (d, J = 15.2 Hz, 
1H), 4.62-4.61 (m, 1H), 4.22 (ddt, J = 12.9, 5.1, 1.7 Hz, 1H), 3.99 (dd, J = 13.0, 6.1 Hz, 
1H), 3.93 (dq, J = 6.2, 5.7 Hz, 1H), 3.85 (ddd, J = 11.1, 8.1, 3.0 Hz, 1H), 3.70 (dt, J = 7.1, 
6.7 Hz, 1H), 3.51-3.47 (m, 1H), 2.61-2.51 (m, 2H), 2.37-2.31 (m, 1H), 2.29-2.23 (m, 1H), 





To a cooled (-78 °C) solution of methyl phenyl sulfone (0.8 g, 5.11 mmol) in THF (8 mL) 
was added n-BuLi (2.5 M in THF, 1.7 mL, 4.26 mmol). After the reaction mixture was 
stirred for 30 min at the same temperature, a solution of aldehyde 110 (0.5 g, 1.70 mmol) in 





was quenched with saturated NH4Cl solution and extracted with EtOAc. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 3) to 
provide crude alcohol 110a as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 7.93-7.90 (m, 
2H), 7.65 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 5.71-5.63 (m, 2H), 5.55 (dd, J = 14.1, 
7.3 Hz, 1H), 4.99 (d, J = 10.2 Hz, 1H), 5.96 (d, J = 17.1 Hz, 1H), 4.60-4.59 (m, 1H), 4.34-
4.27 (m, 1H), 4.19 (dd, J = 13.0, 4.6 Hz, 1H), 3.96 (dd, J = 12.9, 6.0 Hz, 1H), 3.83 (td, J = 
9.5, 2.6 Hz, 1H), 3.72-3.62 (m, 2H), 3.49-3.46 (m, 1H), 3.28 (dd, J = 14.3, 8.1 Hz, 1H), 
3.20 (dd, J = 14.5, 3.3 Hz, 1H), 2.28-2.17 (m, 2H), 1.83-1.78 (m, 1H), 1.73-1.65 (m, 3H), 




To a cooled (0 °C) solution of crude alcohol 110a (1.70 mmol) in MeOH (20 mL) was 
added PTSA (44 mg, 0.26 mmol). After stirring for 2 h at the same temperature, the 
reaction mixture was quenched with water and extracted with Et2O. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 1) to provide 482 
mg (77% for 2 steps) of diol 123 as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 7.90 (d, J 
= 7.4 Hz, 2H), 7.66 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 5.75 (dt, J = 15.6, 5.4 Hz, 
1H), 5.68 (ddt, J = 17.1, 10.1, 7.1 Hz, 1H), 5.54 (dd, J = 15.6, 7.7 Hz, 1H), 5.00 (d, J = 9.6 
Hz, 1H), 4.99 (d, J = 17.3 Hz, 1H), 4.33 (td, J = 9.3, 2.0 Hz, 1H), 4.13 (br s, 2H), 3.77-3.63 
(m, 3H), 3.30-3.21 (m, 1H), 3.17 (dd, J = 14.4, 2.6 Hz, 1H), 2.28-2.23 (m, 1H), 2.20-2.14 








To a cooled (-10 °C) solution of diol 123 (350 mg, 0.95 mmol) in CH2Cl2 (10 mL) was 
added pyridine (0.1 mL, 1.90 mmol). After the reaction mixture was stirred for 20 min at 
the same temperature, a solution of ethyl chloroformate (0.1 mL, 1.04 mmol) in CH2Cl2 (10 
mL) was added. After stirring for 2 h at the same temperature, the reaction mixture was 
quenched with saturated NH4Cl solution and extracted with EtOAc. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 3) to provide 385 
mg (92%) of allylic carbonate 123a as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 7.93-
7.90 (m, 2H), 7.67-7.64 (m, 1H), 7.58-7.55 (m, 2H), 5.72-5.59 (m, 3H), 4.97 (dd, J = 17.2, 
9.8 Hz, 2H), 4.58 (d, J = 4.8 Hz, 2H), 4.33-4.29 (m, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.74-
3.60 (m, 3H), 3.28 (dd, J = 14.3, 8.1 Hz, 1H), 3.25-3.15 (m, 2H), 2.25-2.13 (m, 2H), 1.71-





To a solution of alcohol 123a (300 mg, 0.68 mmol) in CH2Cl2 (10 mL) were added 
NaHCO3 (172 mg, 2.04 mmol) and Dess-Martin periodinane (578 mg, 1.36 mmol) at room 





with saturated Na2S2O3·5H2O solution and extracted with CH2Cl2. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide 292 
mg (98%) of ketone 109 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 7.88-7.86 (m, 
2H), 7.66 (t, J = 7.3 Hz, 1H), 7.57-7.55 (m, 2H), 5.72 (dt, J = 16.0, 5.9 Hz, 1H), 5.67 (ddd, 
J = 17.0, 7.3, 3.2 Hz, 1H), 5.62 (dd, J = 15.8, 7.6 Hz, 1H), 5.04-5.00 (m, 2H), 4.59 (dd, J = 
5.7, 1.1 Hz, 2H), 3.85-3.83 (m, 1H), 3.68 (q, J = 6.9 Hz, 1H), 2.87 (dd, J = 16.5, 7.4 Hz, 
1H), 2.74 (dd, J = 16.5, 4.6 Hz, 1H), 2.24-2.14 (m, 2H), 1.49 (dqd, J = 13.7, 7.3, 6.4 Hz, 




To a refluxing solution of allylic carbonate 109 (950 mg, 2.17 mmol) in acetonitrile (22 
mL) was added Pd(dppe)2 (391 mg, 0.43 mmol). After stirring for 2 h at the same 
temperature, the reaction mixture was quenched with water and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 522 mg (69%) of oxonene 108 as a white solid and 39 mg (5%) of oxepene 
124 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 7.83 (d, J = 7.7 Hz, 2H), 7.70-7.65 (m, 
1H), 7.58-7.53 (m, 2H), 5.82-5.69 (m, 2H), 5.37 (dd, J = 9.7, 9.4 Hz, 1H), 5.08 (d, J = 11.7 
Hz, 1H), 5.07 (d, J = 15.8 Hz, 1H), 4.10 (dd, J = 11.4, 2.5 Hz, 1H), 4.05-3.93 (m, 2H), 
3.14-3.02 (m, 1H), 3.01 (dd, J = 14.2, 9.2 Hz, 1H), 2.67 (ddd, J = 13.4, 7.3, 2.6 Hz, 1H), 
2.39 (dd, J = 14.1, 1.8 Hz, 1H), 2.34-2.17 (m, 2H), 1.61-1.52 (m, 1H), 1.39 (d quint, J = 







A flame dried three neck round bottom flask equipped with an NH3 (g) inlet and dry ice 
condenser was cooled to -78 °C and NH3 gas was introduced. Sodium metal was added to 
the liquefied NH3 and the solution was added to a solution of sulfone 108 (9.2 mg, 0.03 
mmol) in THF (1 mL). After stirring for 30 min at -78 °C, the reaction mixture was 
quenched with saturated NaHCO3 solution and extracted with Et2O. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide 4.4 
mg (82%) of oxonene108a as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 5.96 (dt, J = 
10.6, 8.0 Hz, 1H), 5.85-5.75 (m, 1H), 5.25 (ddd, J = 11.0, 9.7, 1.4 Hz, 1H), 5.06 (d, J = 17.3 
Hz, 1H), 5.05 (d, J = 10.9 Hz, 1H), 4.20-4.14 (m, 1H), 3.93 (dt, J = 9.2, 6.5 Hz, 1H), 2.69-
2.53 (m, 3H), 2.39-2.26 (m, 3H), 2.38 (dd, J = 12.2, 1.7 Hz, 1H), 2.22 (d quint, J = 14.8, 
7.4 Hz, 1H), 1.59 (dqd, J = 13.5, 7.4, 6.0 Hz, 1H), 1.41 (d quint, J = 13.4, 7,4 Hz, 1H), 0.83 





To a cooled (-10 °C) solution of oxonene 108 (40 mg, 0.12 mmol) in THF (1.2 mL) was 
added NaH (7 mg, 0.17 mmol). After the reaction mixture was stirred for 30 min at the 





the reaction mixture was quenched with saturated NH4Cl solution and extracted with 
EtOAc. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 
n-hexane = 1 : 6) to provide crude phenyl selenide 125 as a colorless oil:  
TLC up diastereomer; 1H NMR (300 MHz, CDCl3) δ 7.87 (td, J = 8.2, 1.5 Hz, 4H), 7.67 (t, 
J = 7.5 Hz, 1H), 7.56-7.51 (m, 2H), 7.45-7.33 (m, 3H), 5.82 (ddd, J = 17.2, 10.3, 7.0 Hz, 
1H), 5.86-5.74 (m, 1H), 5.42 (t, J = 10.5 Hz, 1H), 5.09 (d, J = 17.2 Hz, 1H), 5.08 (d, J = 9.7 
Hz, 1H), 4.34 (dt, J = 9.9, 6.4 Hz, 1H), 3.97 (dd, J = 14.5, 11.2 Hz, 1H), 3.89 (dd, J = 14.8, 
3.3 Hz, 1H), 3.70-3.68 (m, 1H), 2.48 (dd, J = 14.5, 5.5 Hz, 1H), 2.43-2.34 (m, 3H), 1.71-
1.62 (m, 1H), (d quint, J = 13.4, 7.3 Hz, 1H), 0.84 (t, J = 7.4 Hz, 3H). 
TLC down diastereomer; 1H NMR (300 MHz, CDCl3) δ 8.27 (d, J = 7.1 Hz, 2H), 7.67-
7.62 (m, 1H), 7.57-7.52 (m, 2H), 7.47-7.44 (m, 2H), 7.41-7.36 (m, 1H), 7.27 (t, J = 7.5 Hz, 
2H), 6.04 (td, J = 11.2, 5.9 Hz, 1H), 5.72 (ddt, J = 16.9, 10.3, 7.0 Hz, 1H), 5.40 (dd, J = 
10.3, 9.7 Hz, 1H), 5.01 (d, J = 10.3 Hz, 1H), 4.99 (d, J = 16.8 Hz, 1H), 4.20 (dt, J = 9.0, 6.5 
Hz, 1H), 3.89-3.86 (m, 1H), 3.33 (dd, J = 14.6, 4.6 Hz, 1H), 3.22 (dd, J = 14.8, 11.5 Hz, 
1H), 2.87 (dd, J = 15.0, 5.9 Hz, 1H), 2.27-2.23 (m, 2H), 1.98 (dd, J = 14.6, 3.3 Hz, 1H), 




To a cooled (-10 °C) solution of phenyl selenide 125 (0.12 mmol) in CH2Cl2 (1.2 mL) was 
added H2O2 (30 wt. % in H2O, 0.1 mL, 0.88 mmol). After stirring for 2 h at the same 
temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O solution and 





MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 6) to provide 32 mg (78% for 2 steps) of enone 
126 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 7.85-7.81 (m, 2H), 7.62 (t, J = 7.4 Hz, 
1H), 7.55-7.50 (m, 2H), 7.40 (d, J = 4.6 Hz, 1H), 6.14 (dd, J = 11.7, 4.6 Hz, 1H), 5.82-5.68 
(m, 2H), 5.07 (d, J = 13.9 Hz, 1H), 5.07 (d, J = 12.7 Hz, 1H), 4.09 (dt, J = 9.3, 6.0 Hz, 1H), 
3.96 (q, J = 6.2 Hz, 1H), 2.96 (dd, J = 13.8, 7.8 Hz, 1H), 2.74 (dd, J = 13.9, 2.0 Hz, 1H), 






To a solution of triene 126 (3.5 mg, 0.01 mmol) in a mixture of THF, t-BuOH, and H2O 
(5 : 5 : 1, 1 mL) were added NMO (0.2 mg, 0.02 mmol)and OsO4 (0.1 M in toluene, 0.1 mL, 
0.01 mmol) at room temperature. After the reaction mixture was stirred for 4 h at the same 
temperature, NaIO4 (3.2 mg, 0.01 mmol) was added. After stirring for 1h at room 
temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O solution and 
extracted with EtOAc. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 6) to provide 2.4 mg (68%) of aldehyde 127 as a 
colorless oil: 1H NMR (300 MHz, CDCl3) δ 9.70 (t, J = 1.7 Hz, 1H), 7.86-7.83 (m, 2H), 
7.65- 7.50 (m, 4H), 6.23 (dd, J = 11.2, 6.1 Hz, 1H), 5.86 (dd, J = 11.9, 9.3 Hz, 1H), 4.54 (q, 
J = 6.2 Hz, 1H), 3.89-3.85 (m, 1H), 2.96 (dd, J = 13.9, 2.6 Hz, 1H), 2.85 (dd, J = 14.0, 6.9 







To a cooled (-35 °C) suspension of 4Å molecular sieve (3.5 g) in CH2Cl2 (105 mL) were 
added (-)-DIPT (2.8 mL, 13.37 mmol) and Ti(Oi-Pr (3.0 mL, 10.28 mmol). After the 
reaction mixture was stirred for 30 min at -35 °C, divinylcarbinol 135 (10.0 mL, 102.83 
mmol) and cumene hydroperoxide (30.4 mL, 205.66 mmol) were added. After stirring for 
36 h at the same temperature, the reaction mixture was quenched with saturated Na2SO4 
solution, filtered through a pad of Celite, and extracted with CH2Cl2. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 6 to 1 : 3) to provide 




To a cooled (0 °C) solution of crude epoxide 135a (102.83 mmol) in H2O (51 mL) was 
added aqueous 1 N NaOH solution (51 mL). After stirring for 2 h at the same temperature, 
the reaction mixture was quenched with saturated NH4Cl solution and extracted with 
CH2Cl2. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 
n-hexane = 1 : 3, deactivated with 1% Et3N) to provide 5.8 g (56% for 2 steps) of alcohol 










To a cooled (0 °C) solution of alcohol 137 (4.8 g, 47.94 mmol) in CH2Cl2 (240 mL) were 
added imidazole (4.9 g, 71.91 mmol), TIPSCl (15.0 mL, 57.53 mmol), and DMAP (0.3 g, 
2.40 mmol). After stirring for 3 h at the same temperature, the reaction mixture was 
quenched with saturated NH4Cl solution and extracted with CH2Cl2. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide 11.7 
g (95%) of epoxide 133 as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 5.60 (ddd, J = 
17.2, 10.1, 7.6 Hz, 1H), 5.46 (d, J = 17.0 Hz, 1H), 5.26 (d, J = 10.4 Hz, 1H), 3.91 (dd, J = 
11.7, 3.2 Hz, 1H), 3.79 (dd, J = 11.7, 4.3 Hz, 1H), 3.30 (dd, J = 7.5, 1.4 Hz, 1H), 3.02-3.00 




To a solution of AD-mix-α (48.9 g) in a mixture of t-BuOH and H2O (1 : 1, 350 mL) was 
added methanesulfonamide (3.3 g, 34.90 mmol) at room temperature. After the reaction 
mixture was stirred for 10 min at room temperature, methyl trans-3-hexenoate 136 (4.9 mL, 
34.90 mmol) was added at 0 °C. After stirring for 12 h at the same temperature, the reaction 
mixture was quenched with saturated Na2S2O3 solution and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 





(m, 1H), 4.27-4.24 (m, 1H), 3.13 (br s, 1H), 2.74 (dd, J = 17.8, 5.5 Hz, 1H), 2.50 (d, J = 
17.8 Hz, 1H), 1.84 (d quint, J = 14.2, 7.5 Hz, 1H), 1.73 (d quint, J = 14.2, 7.3 Hz, 1H), 1.00 
(t, J = 7.5 Hz, 3H). 
 






To a solution of crude lactone 138 (34.90 mmol) in MeOH (11.3 mL) were added 2,2-
dimethoxypropane (42.9 mL, 349.04 mmol) and Amberyst 15 ion-exchange resin (0.7 g) at 
room temperature. After stirring for 36 h at the same temperature, the reaction mixture was 
filtered through a pad of Celite and concentrated in vacuo. The residue was purified by 
flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide 5.3 g (75% for 2 
steps) of ester 140 as a colorless oil. 1H NMR (300 MHz, CDCl3) δ 4.03 (ddd, J = 7.7, 7.5, 
4.9 Hz, 1H), 3.68 (s, 3H), 3.63 (ddd, J = 7.9, 7.0, 5.0 Hz, 1H), 2.57 (dd, J = 15.5, 7.2 Hz, 
1H), 2.50 (dd, J = 15.4, 4.9 Hz, 1H), 1.65-1.49 (m, 2H), 1.37 (s, 3H), 1.35 (s, 3H), 0.97 (t, J 
= 7.4 Hz, 1H). 
 
Methyl (S,E)-4-hydroxyhex-2-enoate (141) 
 
To a cooled (-78 °C) solution of diisopropylamine (7.2 mL, 51.17 mmol) in THF (84 mL) 
was added n-BuLi (1.6 M in hexane, 30.6 mL, 48.95 mmol). After the reaction mixture was 
stirred for 30 min -78 °C, a solution of ester 140 (4.5 g, 22.25 mmol) in THF (56 mL) was 





with saturated NH4Cl solution and extracted with EtOAc. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide 2.3 g (72%) of ester 
141 as a colorless oil. 1H NMR (300 MHz, CDCl3) δ 6.91 (ddd, J = 15.6, 4.8, 0.5 Hz, 1H), 
6.00 (ddd, J = 15.7, 1.7, 0.6 Hz, 1H), 4.22-4.19 (m, 1H), 3.70 (s, 3H), 2.24 (d, J = 4.2 Hz, 




To a cooled (-78 °C) solution of ester 141 (15.0 g, 104.0 mmol) in THF (500 mL) was 
added DIBAL-H (1 M in toluene, 208 mL, 208.0 mmol). After stirring for 30 min at the 
same temperature, the reaction mixture was quenched with saturated Rochelle’s solution 
and extracted with i-PrOH/CHCl3 (1 : 4). The combined organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash 
column chromatography (EtOAc : n-hexane = 1 : 3 to EtOAc only) to provide 9.8 g (81%) 
of diol 165 as a colorless oil. 1H NMR (300 MHz, CDCl3) δ 5.80 (dt, J = 15.6, 5.0 Hz, 1H), 
5.69 (dd, J = 15.6, 6.2 Hz, 1H), 4.21 (d, J = 5.1 Hz, 2H), 4.02 (q, J = 6.4 Hz, 1H) 2.22 (br s, 
2H), 1.61-1.46 (m, 2H), 0.89 (t, J = 7.5 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 134.2, 
129.9, 73.6, 63.0, 30.1, 9.7; HR-MS (ESI+) calcd for C6H12NaO2 (M + Na+) 139.0730, 
found 139.0727. 
 
(S,E)-4-hydroxyhex-2-en-1-yl acetate (134) 
 





added 2,6-lutidine (11.5 mL, 99.00 mmol). After the reaction mixture was stirred for 10 min 
at -20 °C, a solution of acetyl chloride (1.5 mL, 21.78 mmol) in MeCN (43 mL) was slowly 
added. After stirring for 2 h 30 min at the same temperature, the reaction mixuter was 
quenched with saturated NH4Cl solution and extracted with Et2O. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide 12.3 g 
(84%) of allylic carbonate 164 as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 5.76-5.74 
(m, 2H), 4.55-4.52 (m, 2H), 4.05-4.03 (m, 1H), 2.05 (s, 3H), 1.63 (d, J = 4.2 Hz, 1H), 1.57-





To a cooled (0 °C) solution of alcohol 134 (5.8 g, 30.67 mmol) and epoxide 133 (2.6 g, 
10.22 mmol) in CH2Cl2 (20 mL) was added copper(II) trifluoromethanesulfonate (0.4 g, 
1.02 mmol, 0.1 equiv.). After stirring for 1 h at the same temperature, the reaction mixture 
was quenched with saturated NaHCO3 solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 6) to 
provide 2.7 g (61%) of ether 132 as a colorless oil, 1.4 g (30%) of regioisomer 142 as a 
colorless oil and 4.0 g of remained alcohol 134 as a colorless oil: 1H NMR (500 MHz, 
CDCl3) δ 5.81 (ddd, J = 17.2, 10.5, 7.1 Hz, 1H), 5.67 (dt, J = 15.6, 5.5 Hz, 1H), 5.61 (dd, J 





2H), 3.89 (dd, J = 6.5, 5.8 Hz, 1H), 3.84 (q, J = 6.1 Hz, 1H), 3.81-3.72 (m, 2H), 3.68 (qd, J 
= 5.2, 4.2 Hz, 1H), 2.43 (d, J = 4.0 Hz, 1H), 2.04 (s, 3H), 1.60 (dqd, J = 13.7, 7.4, 6.1 Hz, 
1H), 1.50 (d quint, J = 14.1, 7.1 Hz, 1H), 1.14-1.07 (m, 3H), 1.05 (s, 9H), 1.04 (s, 9H), 0.86 
(t, J = 7.4 Hz, 3H). 
 
(S,E)-4-(((3S,4R)-4-(methoxymethoxy)-5-((triisopropylsilyl)oxy)pent-1-en-3-






To a solution of alcohol 132 (2.9 g, 6.99 mmol) in CH2Cl2 (70 mL) were added DIPEA 
(1.8 mL, 10.49 mmol), MOMCl (0.8 mL, 10.49 mmol), and TBAI (0.1 g, 0.27 mmol) at 
room temperature. The reaction mixture was then heated to reflux. After stirring for 12 h at 
reflux, the reaction mixture was quenched with saturated NH4Cl solution and extracted with 
EtOAc. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 
n-hexane = 1 : 6) to provide 3.0 g (92%) of ether 143 as a colorless oil: 1H NMR (500 MHz, 
CDCl3) δ 5.81 (ddd, J = 17.3, 10.5, 7.1 Hz, 1H), 5.66 (dt, J = 15.6, 5.7 Hz, 1H), 5.59 (dd, J 
= 15.6, 6.6 Hz, 1H), 5.20 (d, J = 18.7 Hz, 1H), 5.19 (d, J = 9.5 Hz, 1H), 4.73 (dd, J = 9.6, 
6.6 Hz, 2H), 4.51 (d, J = 5.7 Hz, 2H), 4.02 (dd, J = 7.0, 2.9 Hz, 1H), 3.84 (q, J = 6.3 Hz, 
1H), 3.77-3.72 (m, 2H), 3.68 (dd, J = 12.0, 8.2 Hz, 1H), 3.35 (s, 3H), 2.03 (s, 3H), 1.58 
(dqd, J = 13.7, 7.5, 6.0 Hz, 1H), 1.49 (d quint, J =14.0, 7.2 Hz, 1H), 1.12-1.05 (m, 3H), 










To a solution of silyl ether 143 (2.5 g, 5.45 mmol) in THF (27 mL) was added TBAF (1 M 
in THF, 10.9 mL, 10.9 mmol) at room temperature. After stirring for 2 h at room 
temperature, the reaction mixture was quenched with water and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
3) to provide 1.6 g (96%) of alcohol 144 as a colorless oil: 1H NMR (300 MHz, CDCl3) δ 
5.78 (ddd, J = 17.3, 10.4, 6.8 Hz, 1H), 5.67 (dt, J = 15.6, 5.7 Hz, 1H), 5.60 (dd, J = 15.6, 
6.7 Hz, 1H), 5.23 (d, J = 17.3 Hz, 1H), 5.20 (d, J = 10.6 Hz, 1H), 4.69 (dd, J = 19.8, 6.8 Hz, 
2H), 4.52 (d, J = 5.7 Hz, 2H), 3.94 (dd, J = 6.4, 5.6 Hz, 1H), 3.84 (q, J = 6.3 Hz, 1H), 3.74-
3.66 (m, 2H), 3.57 (td, J = 5.3, 3.8 Hz, 1H), 3.39 (s, 3H), 2.82 (dd, J = 7.6 5.0 Hz, 1H), 2.04 





To a cooled (0 °C) solution of alcohol 144 (g, 4.99 mmol) in CH2Cl2 (25 mL) were added 
NaHCO3 (1.3 g, 14.97 mmol) and Dess-Martin periodinane (4.2 g, 9.98 mmol). After 





Na2S2O3·5H2O solution and extracted with CH2Cl2. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide crude aldehyde 





To a cooled (-78 °C) solution of methyl phenyl sulfone (2.3 g, 14.97 mmol) in THF (20 
mL) was added n-BuLi (2.5 M in THF, 5.0 mmol, 12.5 mmol). After the reaction mixture 
was stirred for 30 min at the same temperature, a solution of crude aldehyde 144a (4.99 
mmol) in THF (5 mL) was added. After stirring for 2 h at the same temperature, the 
reaction mixture was quenched with saturated NH4Cl solution and extracted with EtOAc. 
The combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
1) to provide 1.5 g (74% for 2 steps) of diol 145 as a colorless oil: 1H NMR (300 MHz, 
CDCl3) δ 7.95-7.92 (m, 2H), 7.67-7.62 (m, 1H), 7.58-7.53 (m, 2H), 5.73 (dt, J = 15.6, 5.0 
Hz, 1H), 5.61 (ddd, J = 17.2, 10.3, 7.2 Hz, 1H), 5.48 (dd, J = 15.6, 8.7 Hz, 1H), 5.24 (d, J = 
9.3 Hz, 1H), 5.17 (d, J = 18.0 Hz, 1H), 4.60 (dd, J = 22.3, 6.4 Hz, 2H), 4.45-4.39 (m, 1H), 
4.18-4.11 (m, 2H), 3.74 (dd, J = 7.4, 6.9 Hz, 1H), 3.63-3.46 (m, 4H), 3.29 (dd, J = 14.8, 








en-3-yl)oxy)hex-2-en-1-yl) carbonate (146) 
 
To a cooled (-10 °C) solution of diol 145 (1.0g, 2.48 mmol) in CH2Cl2 (25 mL) was added 
pyridine (0.4 mL, 4.96 mmol). After the reaction mixture was stirred for 30 min at the same 
temperature, ethyl chloroformate (0.3 mL, 2.73 mmol) in CH2Cl2 (25 mL) was added for 30 
min. After stirring for 2 h at the same temperature, the reaction mixture was quenched with 
saturated NH4Cl solution and extracted with EtOAc. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 3) to provide 1.1 g (88%) of 
allylic carbonate 146 as a colorless oil: 
TLC up diastereomer; 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 7.5 Hz, 2H), 7.65 (t, J = 
7.4 Hz, 1H), 7.56 (t, J = 7.7 Hz, 2H), 5.65-5.59 (m, 2H), 5.55 (dd, J = 15.7, 6.7 Hz, 1H), 
5.11 (d, J = 11.8 Hz, 1H), 5.08 (d, J = 18.6 Hz, 1H), 4.66 (dd, J = 10.4, 6.6 Hz, 2H), 5.55 (d, 
J = 5.6 Hz, 2H), 4.21-4.18 (m, 1H), 4.18 (q, J = 7.1 Hz, 2H), 3.95 (t, J = 5.5 Hz, 1H), 3.73 
(td, J = 6.4, 5.8 Hz, 1H), 3.66 (dd, J = 14.7, 0.9 Hz, 1H), 3.60 (t, J = 4.2 Hz, 1H), 3.51 (d, J 
= 3.9 Hz, 1H), 3.32 (s, 3H), 3.31 (dd, J = 14.6, 10.3 Hz, 1H), 1.57-1.48 (m, 1H), 1.41 (d 
quint, J = 13.9, 7,3 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H), 0.79 (t, J = 7.5 Hz, 3H). 
TLC down diastereomer; 1H NMR (500 MHz, CDCl3) δ 7.92 (d, J = 7.6 Hz, 2H), 7.64 (t, J 
= 7.3 Hz, 1H), 7.55 (t, J = 7.7 Hz, 2H), 5.71 (ddd, J = 17.3, 10.4, 6.8 Hz, 1H), 5.65 (dt, J = 
15.7 5.6 Hz, 1H), 5.59 (dd, J = 15.7, 6.5 Hz, 1H), 5.25 (d, J = 18.3 Hz, 1H), 5.22 (d, J = 
11.3 Hz, 1H), 4.65 (d, J = 6.8 Hz, 1H), 4.58 (d, J = 6.9 Hz, 1H), 4.56 (d, J = 5.4 Hz, 2H), 





Hz, 1H), 3.49 (dd, J = 5.6, 2.3 Hz, 1H), 3.47 (d, J = 4.1 Hz, 1H), 3.38 (d, J = 7.6 Hz, 1H), 
3.38 (d, J = 3.9 Hz, 1H), 3.32 (s, 3H), 1.59-1.50 (m, 1H), 1.45 (d quint, J = 13.9, 7.2 Hz, 
1H), 1.29 (t, J = 7.1 Hz, 3H), 0.80 (t, J = 7.4 Hz, 3H). 
 
Ethyl ((S,E)-4-(((3S,4S)-4-(methoxymethoxy)-5-oxo-6-(phenylsulfonyl)hex-1-en-3-
yl)oxy)hex-2-en-1-yl) carbonate (131) 
 
To a solution of alcohol 146 (929 mg, 1.91 mmol) in CH2Cl2 (19 mL) were added 
NaHCO3 (481 mg, 5.73 mmol) and Dess-Martin periodinane (1620 mg, 3.82 mmol) at 
room temperature. After stirring for 2 h at room temperature, the reaction mixture was 
quenched with saturated Na2S2O3·5H2O solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 6) to 
provide 916 mg (99%) of ketone 131 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 7.94 
(d, J = 7.3 Hz, 2H), 7.64 (t, J = 7.3 Hz, 1H), 7.56-7.53 (m, 2H), 5.67 (ddd, J = 17.0, 10.6, 
6.8 Hz, 1H), 5.64 (dtd, J = 16.5, 6.0, 0.9 Hz, 1H), 5.55 (dd, J = 15.6, 7.4 Hz, 1H), 5.16 (d, J 
= 10.6 Hz, 1H), 5.15 (d, J = 17.4 Hz, 1H), 4.66 (d, J = 6.9 Hz, 1H), 4.61 (d, J = 6.4 Hz, 1H), 
4.55 (dd, J = 6.0, 1.0 Hz, 2H), 4.51 (d, J = 15.6 Hz, 1H), 4.34 (d, J = 15.6 Hz, 1H), 4.18 (td, 
J =7.4, 6.8 Hz, 2H), 4.14 (d, J = 4.6 Hz, 1H), 4.04 (dd, J = 6.9, 4.6 Hz, 1H), 3.76 (td, J = 
6.4, 6.0 Hz, 1H), 3.27 (s, 3H), 1.48 (dqd, J = 13.5, 7.8, 5.5, 1H), 1.39 (d quint, J = 13.8, 7.3 










To a refluxing solution of allylic carbonate 131 (1200 mg, 2.48 mmol) in acetonitrile (25 
mL) was added Pd(dppe)2 (447 mg, 0.50 mmol). After stirring for 2 h at reflux, the reaction 
mixture was quenched with water and extracted with EtOAc. The combined organic layer 
was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was 
purified by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide 724 mg 
(74%) oxonene 130 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 7.92-8.88 (m, 2H, 
mixture of diastereomers), 7.68-7.65 (m, 2H, mixture of diastereomer), 7.56 (t, J = 8.0 Hz, 
2H, mixture of diastereomers), 5.95 (td, J = 9.9, 8.2 Hz, 1H, major isomer), 5.89 (ddd, J = 
17.4, 10.1, 6.9 Hz, 1H, major isomer), 5.91-5.86 (m, 1H, minor isomer), 5.83-5.79 (m, 1H, 
minor isomer), 5.47 (dd, J = 11.7, 5.7 Hz, 1H, minor isomer), 5.42-5.37 (m, 1H, mixture of 
diastereomers), 5.29 (d, J = 17.0 Hz, 1H, mixture of diastereomers), 5.22 (d, J = 10.5 Hz, 
1H, minor isomer), 5.20 (d, J = 10.6 Hz, 1H, major isomer), 4.58 (dd, J = 9.6, 1.8 Hz, 1H, 
major isomer), 4.46 (d, J = 6.4 Hz, 1H, minor isomer), 4.40 (dd, J = 11.5, 6.8 Hz, 2H, major 
isomer), 4.32 (d, J = 6.8 Hz, 1H, minor isomer), 4.21-4.18 (m, 1H, mixture of isomer), 4.13 
(d, J = 9.6 Hz, 1H, minor isomer), 4.05 (dt, J = 7.1, 6.5 Hz, 1H, major isomer), 4.01 (dd, J 
= 9.6, 6.9 Hz, 1H, minor isomer), 3.90 (d, J = 8.7 Hz, 1H, major isomer), 3.29 (s, 3H, major 
isomer), 3.23 (s, 3H, minor isomer), 2.77-2.74 (m, 1H for major isomer, 2H for minor 
isomer, mixture of diasteromers), 2.66 (dt, J = 13.3, 10.1 Hz, 1H, major isomer), 1.67-1.56 
(m, 1H, mixture of diasteremers), 1.44-1.33 (m, 1H, mixture of diastereomers), 0.86 (t, J = 









A flame dried three neck round bottom flask equipped with an NH3 (g) inlet and dry ice 
condenser was cooled to -78 °C and NH3 gas was introduced. Sodium metal was added to 
the liquefied NH3 and the solution was added to a solution of sulfone 130 (650 mg, 1.65 
mmol) in THF (17 mL). After stirring for 30 min at -78 °C, the reaction mixture was 
quenched with saturated NaHCO3 solution and extracted with Et2O. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide 302 
mg (72%) of oxonene 148 as a colorless oil: 1H NMR (400 MHz, CDCl3) δ 6.01-5.95 (m, 
1H), 5.92 (ddd, J = 17.1, 10.4, 6.7 Hz, 1H), 5.36-5.32 (m, 1H), 5.32 (d, J = 17.3 Hz, 1H), 
5.20 (d, J = 10.4 Hz, 1H), 4.53 (s, 2H), 4.36 (dd, J =7.8, 7.6 Hz, 1H), 4.15 (q, J = 7.0 Hz, 
1H), 3.73 (d, J = 8.9 Hz, 1H), 3.27 (s, 3H), 2.87-2.82 (m, 1H), 2.34 (dt, J = 13.0, 8.9 Hz, 
1H), 2.41-2.33 (m, 2H), 1.62 (d quint, J = 14.0, 7.3 Hz, 1H), 1.42 (d quint, J = 13.7, 7.3 Hz, 










added LiHMDS (1 M in THF, 16.0 mL, 16.0 mmol, Et3N (2.2 mL, 16.0 mmol), and TMSCl 
(2.0 mL, 16.0 mmol). After stirring for 30 min at the same temperature, the reaction 
mixture was quenched with saturated NaHCO3 solution and extracted with CH2Cl2. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 





To a solution of crude silyl enol ether 149 (1.6 mmol) in acetonitrile (16 mL) was added 
Pd(OAc)2 (180 mg, 0.8 mmol) at room temperature. After stirring for 2 h at the same 
temperature, the reaction mixture was quenched with water and extracted with Et2O. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
10) to provide 270 mg (67% for 2 steps) of enone 129 as a colorless oil: 1H NMR (500 
MHz, CDCl3) δ 6.61 (ddd, J = 13.1, 4.7, 1.2 Hz, 1H), 6.17 (ddd, J = 12.6, 4.7, 1.0 Hz, 1H), 
6.10 (d, J = 13.1 Hz, 1H), 6.00 (dd, J = 12.7, 5.6 Hz, 1H), 5.96 (ddd, J = 17.5, 10.0, 8.0 Hz, 
1H), 5.45 (d, J = 15.9 Hz, 1H), 5.44 (d, J = 11.7 Hz, 1H), 5.06 (d, J = 9.4 Hz, 1H), 4.53 (d, 
J = 7.0 Hz, 1H), 4.48 (d, J = 7.0 Hz, 1H), 4.25 (t, J = 8.7 Hz, 1H), 4.12 (q, J = 6.3 Hz, 1H), 











To a cooled (0 °C) solution of enone 129 (200 mg, 0.79 mmol) in MeOH (8 mL) was 
added CeCl3 (64 mg, 0.26 mmol). After the reaction mixture was stirred for 15 min at the 
same temperature, NaBH4 (34 mg, 0.90 mmol) was added. After stirring for 1 h at 0 °C, the 
reaction mixture was quenched with saturated NH4Cl solution and extracted with Et2O. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 195 mg (97%) of alcohol 150 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 
6.27-6.24 (m, 1H, minor isomer), 6.03 (ddd, J = 17.2, 10.3, 6.9 Hz, 1H, major isomer), 
6.05-5.94 (m, 2H, mixture of diastereomers), 5.69 (dd, J = 11.5, 5.9 Hz, 1H, major isomer), 
5.66-5.61 (m, 1H, mixture of diastereomer), 5.57 (ddd, J = 11.5, 5.0, 1.9 Hz, 1H, minor 
isomer) 5.30 (d, J = 17.5 Hz, 1H, major isomer), 5.27 (d, J = 17.4 Hz, 1H, minor isomer), 
5.22 (d, J = 10.1 Hz, 1H, major isomer), 5.19 (d, J = 10.6 Hz, 1H, minor isomer), 4.73 (d, J 
= 6.8 Hz, 1H, major isomer), 4.69 (d, J = 6.4 Hz, 1H, minor isomer), 4.69-4.66 (m, 1H, 
major isomer), 4.60 (d, J = 6.9 Hz, 1H, major isomer), 4.57 (d, J = 6.4 Hz, 1H, minor 
isomer), 4.40 (t, J = 8.3 Hz, 1H, minor isomer), 4.27 (dd, J = 7.3, 6.9 Hz, 1H, major 
isomer), 4.23 (td, J = 7.8, 6.0 Hz, 1H, major isomer), 4.16 (t, J = 7.6 Hz, 1H, minor isomer), 
4.06-4.03 (m, 1H, minor isomer), 3.59 (dd, J = 7.8, 2.3 Hz, 1H, major isomer), 3.43 (s, 3H, 
major isomer), 3.40 (s, 3H, minor isomer), 3.36-3.31 (m, 1H, mixture of diastereomers), 
3.28 (dd, J = 8.9, 7.6 Hz, 1H, minor isomer), 1.69-1.62 (m, 1H, mixture of diastereomers), 
1.60-1.53 (m, 1H, mixture of diastereomers), 0.86 (t, J = 7.3 Hz, minor isomer), 0.85 (t, J = 






yl) S-methyl carbonodithioate (151) 
 
To a cooled (0 °C) solution of alcohol 150 (31 mg, 0.12 mmol) in THF (1.2 mL) was 
added NaH (7 mg, 0.18 mmol). After the reaction mixture was stirred for 1h at room 
temperature, CS2 (14 µL, 0.24 mmol) was added at 0 °C. The reaction mixture was then 
allowed to warm to room temperature and stirred for overnight. Iodomethane (15 µL, 0.24 
mmol) was then added to the reaction mixture at 0 °C, then the resulting solution was 
stirred for 30 min at room temperature. The reaction mixture was quenched with saturated 
NH4Cl solution, and extracted with Et2O. The combined organic layer was washed with 
brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash 
column chromatography (EtOAc : n-hexane = 1 : 10) to provide 38 mg (91%) of xanthate 
151 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 6.60 (br s, 1H, major isomer), 6.47 (t, 
J = 8.7 Hz, 1H, minor isomer), 6.25 (d, J = 8.7 Hz, 1H, minor isomer), 6.20-6.18 (m, 1H, 
major isomer), 6.14 (d, J = 11.0 Hz, 1H, minor isomer), 6.08 (dd, J = 10.6, 2.3 Hz, 1H, 
major isomer), 6.06 (ddd, J = 17.5, 10.5, 8.3 Hz, 1H, minor isomer), 5.95 (m, 1H, major 
isomer), 5.78 (ddd, J = 11.5, 8.2, 1.4 Hz, 1H, major isomer), 5.76 (br s, 1H, major isomer), 
5.68 (ddd, J = 11.0, 5.9, 1.4 Hz, 1H, minor isomer), 5.53 (ddd, J = 11.0, 8.7, 1.8 Hz, 1H, 
minor isomer), 5.33 (d, J = 17.0 Hz, 1H, major isomer), 5.33-5.30 (m, 1H, mixture of 
diastereomers), 5.25 (d, J = 10.1 Hz, 1H, minor isomer), 4.73 (d, J = 6.9 Hz, 1H, major 
isomer), 4.70 (d, J = 6.8 Hz, 1H, major isomer), 4.68 (d, J = 6.9 Hz, 1H, minor isomer), 
4.60 (d, J = 6.8 Hz, 1H, minor isomer), 4.47-4.43 (m, 1H, major isomer), 4.34 (t, J = 7.4 Hz, 





1H, minor isomer) 3.87 (br s, 1H, major isomer), 3.79 (dd, J = 9.2, 6.4 Hz, 1H, minor 
isomer), 3.40 (s, 3H, major isomer), 3.35 (s, 3H, minor isomer), 2.54 (s, 3H, mixture of 
diastereomers), 1.70-1.58 (m, 1H, mixture of diastereomers), 1.56-1.43 (m, 1H, mixture of 
diastereomers), 0.84 (t, J = 7.4 Hz, 3H, major isomer), 0.76 (t, J = 7.1 Hz, 3H, minor 
isomer). 
 




To a cooled (0 °C) solution of a known alcohol 137 (3.4 g, 33.96 mmol) in CH2Cl2 (170 
mL) were added Et3N (9.5 mL, 68.16 mmol) and 4-toluenesulfonyl chloride (7.8 g, 40.75 
mmol). After stirring for 2 h at the same temperature, the reaction mixture was quenched 
with saturated NH4Cl solution and extracted with CH2Cl2. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 6) to provide 7.8 g (91%) of 
tosylate 163 as white solid: 1H NMR (800 MHz, CDCl3) δ 7.78 (d, J = 8.3 Hz, 2H), 7.33 (d, 
J = 8 Hz, 2H), 5.49 (ddd, J = 17.2, 9.8, 7.1 Hz, 1H), 5.45 (dd, J = 17.2, 2.0 Hz, 1H), 5.30 
(dd, J = 9.5, 2..0 Hz, 1H), 4.22 (dd, J = 11.4, 3.7 Hz, 1H), dd, J = 11.5, 5.7Hz, 1H), 3.21(dd, 
J = 7.0, 2.0 Hz, 1H), 3.09 (ddd, J = 5.7, 3.7, 2.1 Hz, 1H), 2.43 (s, 3H); 13C NMR (200 MHz, 
CDCl3) δ 145.1, 133.6, 132.6, 129.9, 128.0, 120.8, 69.4, 56.4 56.3, 21.6; HR-MS (ESI+) 
calcd for C12H14NaO4S (M + Na+) 277.0505, found 277.0511.  
 
(S,E)-ethyl (4-hydroxyhex-2-en-1-yl) carbonate (164) 
 





added 2,6-lutidine (18.1 mL, 155.41 mmol). After the reaction mixture was stirred for 10 
min at -20 °C, a solution of ethyl chloroformate (8.2 mL, 85.76 mmol) in MeCN (78 mL) 
was slowly added. After stirring for 1 h 30 min at the same temperature, the reaction 
mixuter was quenched with saturated NH4Cl solution and extracted with Et2O. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 12.3 g (84%) of allylic carbonate 164 as a colorless oil: [α]D20 = +5.93 (c 1.00, 
CHCl3); 1H NMR (800 MHz, CDCl3) δ 5.80 (dt, J = 15.6, 5.0 Hz, 1H), 5.69 (dd, J = 15.6, 
6.2 Hz, 1H), 4.21 (d, J = 5.1 Hz, 2H), 4.02 (q, J = 6.4 Hz, 1H) 2.22 (br s, 2H), 1.61-1.46 (m, 
2H), 0.89 (t, J = 7.5 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 154.9, 137.8, 124.0, 73.3, 
67.4, 64.0, 29.9, 14.2, 9.6; IR (neat) νmax 3428, 2968, 2936, 2878, 1680, 1465, 1382, 1118, 






To a cooled (0 °C) solution of alcohol 164 (5.77 g, 30.67 mmol) and epoxide 163 (2.60 g, 
10.22 mmol) in CH2Cl2 (20 mL) was added copper(II) trifluoromethanesulfonate (0.37 g, 
1.02 mmol). After stirring for 1 h at the same temperature, the reaction mixture was 
quenched with saturated NaHCO3 solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 





provide 2.67 g (6.03 mmol, 59%) of ether 162 as a colorless oil, 1.36 g (3.07 mmol, 30%) 
of regioisomer 162a as a colorless oil and 3.95 g of remained alcohol 164 as a colorless oil: 
[α]D20 = +10.52 (c 0.50, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.78 (d, J = 8.2 Hz, 2H), 
7.33 (d, J = 8.1 Hz, 2H), 5.70-5.62 (m, 3H), 5.23 (d, J = 10.2 Hz, 1H), 5.22 (d, J = 17.6 Hz, 
1H), 4.56 (d, J = 5.3 Hz, 2H), 4.18 (q, J = 7.2 Hz, 2H), 4.11 (dd, J = 10.3, 3.8 Hz, 1H), 4.07 
(dd, J = 10.4, 6.1 Hz, 1H), 3.87-3.84 (m, 1H), 3.81-3.79 (m, 1H), 3.77 (q, J = 6.2 Hz, 1H), 
2.43 (s, 3H), 2.20 (br d, J = 4.1 Hz, 1H), 1.55-1.41 (m, 2H), 1.29 (t, J = 7.1 Hz, 3H), 0.80 (t, 
J = 7.4 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 154.9, 145.0, 135.6, 135.0, 132.7, 129.9, 
128.0, 125.2, 119.6, 79.7, 78.9, 71.3, 70.4, 67.4, 64.0, 27.3, 21.6, 14.3, 9.2; IR (neat) νmax 
3525, 2966, 2931, 2878, 1746, 1598, 1457, 1400, 1363, 1257, 1177, 982, 917, 871, 816, 






Regioisomer 162a : [α]D20 = +6.57 (c 1.00, CHCl3); 1H NMR (300 MHz, CDCl3) δ 7.78 (d, 
J = 8.2 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H), 5.85 (dtd, J = 15.6, 5.3, 1.3 Hz, 1H), 5.71 (dt, J = 
15.7, 5.6 Hz, 1H), 5.61 (d, J = 16.5 Hz, 1H), 5.59 (d, J = 15.6 Hz, 1H), 4.60 (d, J = 5.5 Hz, 
2H), 4.39 (m, 1H), 4.18 (q, J = 7.1 Hz, 2H), 4.03 (dd, J = 10.1, 3.4 Hz, 1H), 3.94 (dd, J = 
13.2, 5.1 Hz, 1H), 3.88 (dd, J = 7.6, 10.2, Hz, 1H), 3.80 (dd, J = 13.2, 5.5 Hz, 1H), 3.60 (dt, 
J = 6,8, 6.6 Hz, 1H), 2.43 (s, 3H), 1.64-1.40 (m, 3H), 1.29 (t, J = 7.1 Hz, 3H), 0.85 (t, J = 
7.4 Hz, 3H) ; 13C NMR (200 MHz, CDCl3) δ 154.9, 145.1, 135.5, 132.6, 131.0, 129.9, 
128.0, 128.0, 126.1, 81.0, 73.0, 69.8, 67.9, 67.4, 64.1, 28.2, 21.6, 14.2, 9.6; IR (neat) νmax 
3525, 2967, 2936, 2876, 1813, 1746, 1454, 1363, 1257, 1177, 1097, 975, 816, 792, 756 cm-












To a refluxing solution of tosylate 162 (5.10 g, 11.52 mmol) in acetone (57 mL) was 
added sodium iodide (17.27 g, 115.22 mmol). After refluxing for 12 h, the reaction mixture 
was cooled to room temperature and concentrated in vacuo. The reaction mixture was 
diluted with water and EtOAc and extracted with EtOAc. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (EtOAc : n-hexane = 1 : 10 to 1 : 6) to provide 4.22 g 
(92%) of iodide 166 as a colorless oil: [α]D20 = -10.79 (c 1.00, CHCl3); 1H NMR (600 MHz, 
CDCl3) δ 5.77-5.68 (m, 2H), 5.65 (dd, J = 15.6, 6.4 Hz, 1H), 5.30 (d, J = 11.5 Hz, 1H), 5.29 
(d, J = 15.7 Hz, 1H), 4.58 (d, J = 5.5 Hz, 2H), 4,18 (td, J = 7.4, 6.8 Hz, 2H), 3.88-3.85 (m, 
1H), 3.84 (td, J = 6.4, 5.9 Hz, 1H), 3.57 (dq, J = 5.3, 4.8 Hz,1H) 3.31 (d, J = 5.5 Hz, 2H), 
2,24 (d, J = 4.1 Hz, 1H), 1.61 (dqd, J = 13.7, 7.8, 6.0 Hz, 1H), 1.52 (d quint, J = 14.7, 6.4 
Hz, 1H), 1.29 (t, J = 7.4 Hz, 3H), 0.86 (t, J = 7.6 Hz, 3H); 13C NMR (150 MHz, CDCl3) δ 
154.9, 135.8, 135.1, 125.2, 119.9, 81.0, 79.4, 72.6, 67.4, 64.0, 27.4, 14.3, 9.8, 9.3; IR (neat) 
νmax 3502, 3078, 2967, 2933, 2877, 1746, 1644, 1464, 1382, 1259, 1062, 975, 930, 873, 792, 
















To a cooled (0 °C) solution of iodide 166 (3.9 g 9.79 mmol) in CH2Cl2 (48 mL) were 
slowly added 2,6-lutidine (2.3 mL, 19.75 mmol) and t-butyldimehtylsilyl 
trifluoromethanesulfonate (3.4 mL, 14.80 mmol). After stirring for 1 h at the same 
temperature, the reaction mixture was quenched with saturated NH4Cl solution and 
extracted with CH2Cl2. The combined organic layer was washed with brine, dried over 
MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 20 to 1: 10) to provide 4.7 g (93%) of silyl ether 
167 as a colorless oil: [α]D20 = -56.04 (c 1.00, CHCl3); 1H NMR (600 MHz, CDCl3) δ 5.72 
(ddd, J = 17.4, 10.6, 7.3 Hz, 1H), 5.68 (dt, J = 15,6, 6.0 Hz, 1H), 5.64 (dd, J = 15.6, 6.4 Hz, 
1H), 5.21(d, J = 16.7 Hz, 1H), 5.19 (d, J = 9.9 Hz, 1H), 4.57 (d, J = 5.5 Hz, 2H), 4.18 (q, J 
= 7.3 Hz, 2H), 3.91-3.89 (m, 1H), 3.85 (td, J = 6.4, 6.0 Hz, 1H), 3.80 (td, J = 5.0, 4.6 Hz, 
1H), 3.62 (dd, J = 11.5, 5.0 Hz, 1H), 3.51 (dd, J = 11.5, 4.1 Hz, 1H), 1.60 (dqd, J = 13.7, 
7.3, 5.5 Hz, 1H), 1.51 (d quint, J = 14.2, 6.9 Hz, 1H), 1.29 (t, J = 7.1 Hz, 3H), 0.87 (s, 9H), 
0.85 (t, J = 7.6 Hz, 3H), 0.07 (s, 3H), 0.04 (s, 3H); 13C NMR (75 MHz, CDCl3) δ 155.0, 
136.3, 136.3, 125.0, 118.3, 79.6, 79.6, 75.0, 67.6, 64.0, 46.3, 27.4, 25.8, 18.1, 14.3, 9.2, -4.4, 
-4.6; IR (neat) νmax 2961, 2932, 2886, 2858, 1749, 1465, 1366, 1257, 1118, 1007, 930, 876, 











To a cooled (0 °C) suspension of 60% sodium hydride (0.73 g, 32.08 mmol) in DMF (16 
mL) was added methyl phenylsulfonylacetate (5.27 mL, 32.08 mmol). The reaction mixture 
was stirred for 1 h at room temperature and then a solution of iodide 167 (4.11 g, 8.02 
mmol) in DMF (16 mL) was added. After stirring for 20 h at 80 °C, the reaction mixture 
was cooled to room temperature, quenched with saturated NH4Cl solution, and extracted 
with Et2O. The combined organic layer was washed with brine, dried over MgSO4, and 
concentrated in vacuo. The residue was purified by flash column chromatography (EtOAc : 
n-hexane = 1 : 6) to provide 3.41 g (71%, 1.5 : 1 mixture of inseparable two diastereomers) 
of allylic carbonate 161 as a colorless oil: 1H NMR (800 MHz, CDCl3) δ 7.84-7.82 (m, 2H 
for each isomer, mixture of isomers), 7.66-7.64 (m, 1H for each isomer, mixture of isomers), 
7.54 (t. J = 7.8 Hz, 2H for each isomer, mixture of isomers), 5.65-5.56 (m, 3H for each 
isomer, mixture of isomers), 5.15-5.08 (m, 2H for each isomer, mixture of isomers), 4.56 (d, 
J = 5.4 Hz, 2H, major isomer), 4.55 (d, J = 5.7 Hz, 2H, minor isomer), 4.31 (dd, J = 11.7, 
2.4 Hz, 1H, major isomer), 4.28 (dd, J = 8.5, 4.6 Hz, 1H, minor isomer), 4.18 (q, J = 7.1 Hz, 
2H, major isomer), 4.17 (q, J = 7.1 Hz, 2H, minor isomer), 3.80 (td, J = 6.4, 5.9 Hz, 1H, 
major isomer), 3.78-3.76 (m, 2H, minor isomer), 3.72-3.71 (m, 1H, major isomer), 3.69 (dd, 
J = 6.9, 3.8 Hz, 1H, minor isomer), 3.65 (s, 3H, major isomer), 3.61 (s, 3H, minor isomer), 
3.58 (dt, J = 8.6, 2.8 Hz, 1H, major isomer), 2.25-2.17 (m, 1H for major isomer, 2H for 
minor isomer, mixture of isomers), 2.10 (ddd, J = 13.9, 11.8, 2.9 Hz, 1H, major isomer), 





major isomer), 1.41 (d quint, J = 13.7, 7.2 Hz, 1H, minor isomer), 1.29(t, J = 7.1 Hz, major 
isomer), 1.29(t, J = 7.1 Hz, minor isomer), 0.85 (s, 9H, minor isomer), 0.82 (s, 9H, major 
isomer), 0.80 (t, J = 7.4 Hz, 3H, major isomer), 0.80 (t, J = 7.4 Hz, 3H, minor isomer), 0.06 
(s, 3H, minor isomer), 0.03 (s, 3H, minor isomer), 0.01 (s, 3H, major isomer), -0.06 (s, 3H, 
major isomer); 13C NMR (200 MHz, CDCl3) δ 166.6, 166.3, 154.9, 137.6, 137.2, 136.4, 
136.3, 136.3, 135.7, 134.1, 134.1, 129.3, 129.1, 129.0, 129.0, 124.9, 124.9, 118.2, 118.1, 
82.6, 82.3, 80.3, 80.2, 72.4, 72.3, 67.5, 67.5, 67.5, 67.3, 64.00, 52.8, 30.4, 29.7, 27.6, 27.4, 
25.9, 25.9, 18.1, 18.0, 14.3, 9.3, 9.3, -3.8, -4.4, -4.8, -5.4; IR (neat) νmax 3069, 2956, 2930, 
2857, 1747, 1464, 1366, 1329, 1259, 1196, 1149, 1085, 1004, 937, 837, 810, 780, 723 cm-1; 





To a heated (60 °C) solution of allylic carbonate 161 (1.95 g, 3.26 mmol) in DMSO (33 
mL) was added Pd(dppe)2 (0.59 g, 0.65 mmol). After stirring for 2 h at the same 
temperature, the reaction mixture was quenched with water and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 1.24 g (75%, 1 : 1 mixture of separable two diastereomers) of oxonene 160 as 
a colorless oil (TLC up diasteromer) and a white solid (TLC down diastereomer):  
TLC up diastereomer; [α]D20 = -11.36 (c 1.00, CHCl3); 1H NMR (800 MHz, CDCl3) δ 7.79 
(d, J = 8.4 Hz, 2H), 7.64 (t, J = 7.5 Hz, 1H), 7.52 (t, J = 7.9 Hz, 2H), 6.03 (td, J = 10.1, 5.3 





= 17.3, 1.0, 1H), 5.06 (dd, J = 10.4, 1.4, 1H), 4.29-4.27 (m, 1H), 3.76 (t, J = 8.0 Hz, 1H), 
3.71 (s, 3H), 3.46 (dd, J = 14.8, 11.8 Hz, 1H), 3.27 (t, J = 8.9 Hz, 1H), 3.05 (dd, J = 15.0, 
5.3 Hz, 1H), 2.44 (dd, J = 14.2, 9.6 Hz, 1H), 2.28 (d, J = 14.2 Hz, 1H), 1.71 (d quint, J = 
13.8, 7.4 Hz, 1H), 1.42 (d quint, J = 13,8, 7.3 Hz, 1H), 0.86 (t, J = 7.3 Hz, 3H), 0.71 (s, 9H), 
-0.16 (s, 3H), -0.32 (s, 3H); 13C NMR (150 MHz, CDCl3) δ 168.1, 140.2, 136.1, 135.2, 
134.1, 132.3, 130.8, 128.7, 116.8, 78.9, 76.9, 76.2, 72.4, 52.9, 39.0, 29.9, 27.1, 25.8, 17.9, 
10.7, -4.7, -4.9; IR (neat) νmax 3032, 2956, 2856, 1735, 1645, 1584, 1447, 1321, 1252, 1206, 
1146, 1081, 1019, 863, 837, 778, 721 cm-1; HR-MS (ESI+) calcd for C26H40NaO6SSi (M + 
Na+) 531.2207, found 531.2196. 
TLC down diastereomer; [α]D20 = +24.05 (c 1.00, CHCl3); 1H NMR (800 MHz, CDCl3) δ 
7.81 (d, J = 8.4 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.9 Hz, 2H), 5.87 (ddd, J = 
17.3, 10.4, 7.4 Hz, 1H), 5.61 (ddd, J = 10.4, 3.2, 1.0 Hz, 1H), 5.38 (dtd, J = 10.9, 5.0, 2.4 
Hz, 1H), 5.17 (dd, J = 17.2, 0.6 Hz, 1H), 5.08 (dd, J = 10.4, 1.4 Hz, 1H), 4.37-4.34 (m, 2H), 
3.79 (t, J = 11.9 Hz, 1H), 3.76 (t, J = 7.5 Hz, 1H), 3.59 (s, 3H), 2.98 (d, J = 15.8 Hz, 1H), 
2.53 (dd, J = 11.0, 3.3 Hz, 1H), 2.34 (dd, J = 15.8, 9.8 Hz, 1H), 1.75 (d quint, J = 13.8, 7.4 
Hz, 1H), 1.41 (d quint, J = 13.8, 7.4 Hz, 1H), 0.88 (t, J = 7.4 Hz, 3H), 0.86 (s, 9H), 0.22 (s, 
3H), 0.07 (s, 3H); 13C NMR (200 MHz, CDCl3) δ 168.5, 140.5, 136.6, 136.0, 134.0, 130.2, 
129.6, 128.6, 115.9, 80.5, 76.5, 75.8, 71.0, 53.2, 38.9, 31.2, 27.1, 26.1, 18.1, 10.8, -4.1, -
4.5; IR (neat) νmax 3071, 2930, 2856, 1736, 1645, 1585, 1462, 1310, 1250, 1146, 1068, 
1008, 921, 838, 781, 721, 689 cm-1; HR-MS (ESI+) calcd for C26H40NaO6SSi (M + Na+) 













To a cooled (-78 °C) solution of cyclic ether 160 (0.71 g, 1.4 mmol) in MeOH (14 mL) 
was added a solution of SmI2 in THF (0.1 M in THF, 42 ml, 4.2 mmol). After stirring for 30 
min at the same temperature, the reaction mixture was quenched with saturated NaHCO3 
solution, filtered through a pad of Celite, and extracted with CH2Cl2. The combined organic 
layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The residue 
was purified by flash column chromatography (EtOAc : n-hexane = 1 : 10) to provide 0.50 
g (97%, 3 : 1 mixture of inseparable two diastereomers) of 171 as a colorless oil: 1H NMR 
(600 MHz, CDCl3) δ 5.88-5.78 (m, 2H for major isomer, 1H for minor isomer, mixture of 
isomers), 5.71-5.66 (m, 1H, minor isomer), 5.61 (dd, J = 10.8, 4.8 Hz, 1H, minor isomer), 
5.43 (dd, J = 10.5, 5.5 Hz, 1H, major isomer), 5.20 (d, J = 17.4 Hz, 1H, minor isomer), 
5.16(d, J = 17.5 Hz, 1H, major isomer), 5.15 (dd, J = 10.1, 1.8 Hz, 1H, minor isomer), 5.05 
(d, J = 10.1, 1.2 Hz, major isomer), 4.34 (dt, J = 6.8, 6.4 Hz, 1H, major isomer), 4.17 (td, J 
= 6.4, 6.0 Hz, 1H, minor isomer), 3.82 (t, J = 8.3 Hz, 1H, minor isomer), 3.76 (t, J = 7.8 Hz, 
major isomer), 3.66 (s, 3H, minor isomer), 3.65 (s, 3H, major isomer), 3.63-3.58 (m, 1H for 
each isomer, mixture of isomers), 2.79-2.75 (m, 2H, minor isomer), 2.65-2.56 (m, 2H, 
major isomer), 2.47 (qd, J = 7.8, 4.6 Hz, 1H, minor isomer), 2.44-2.40 (m, 1H, major 
isomer), 2.26 (ddd, J = 14.6, 11.5, 7.8 Hz, 1H, minor isomer), 2,15 (ddd, J = 15.1, 5.9, 2.3 
Hz, 1H, major isomer), 2.06 (ddd, J = 15.1, 6.9, 1.8 Hz, 1H, major isomer), 1.89 (d, J = 
15.1 Hz, 1H, minor isomer), 1.70 (d quint, J = 13.7, 7.3 Hz, 1H, major isomer), 1.68 (d 
quint, J = 13.7, 7.4 Hz, 1H, minor isomer), 1.46 (d quint, J = 13.8, 7.3 Hz, 1H, minor 





isomer), 0.85 (t, J = 7.4 Hz, 3H, minor isomer), 0.82 (s, 9H for each isomer, mixture of 
isomers), 0.01 (s, 3H, minor isomer), -0.02 (s, 3H, major isomer), -0.03 (s, 3H, minor 
isomer), -0.05 (s, 3H, major isomer); 13C NMR (150 MHz, CDCl3) δ 176.8, 176.1, 140.1, 
139.1, 134.5, 134.3, 132.0, 131.9, 117.6, 115.9, 81.1, 76.6, 75.7, 74.3, 73.6, 72.9, 51.7, 51.6, 
42.3, 38.8, 38.3, 38.2, 31.8, 29.1, 28.7, 28.2, 25.9, 25.8, 17.9, 10.6, 10.4, -4.3, -4.5; IR 
(neat) νmax 3015, 2957, 2930, 2882, 2857, 1739, 1644, 1471, 1436, 1361, 1255, 1193, 1169, 




hexahydrooxonine-5-carboxylic acid (172) 
 
To a solution of ester 171 (347 mg, 0.94 mmol) in a mixture of THF, H2O, and MeOH (1 : 
1 : 1, 9 mL) was added LiOH·H2O (119 mg, 2.82 mmol) at room temperature. After stirring 
for 8 h at the same temperature, the reaction mixture was quenched with saturated NH4Cl 
solution and extracted with EtOAc. The combined organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 6 to 1: 3 to 1 : 1) to provide 309 mg (93%, 3 : 1 
mixture of separable two diastereomers) of acid 172 as a colorless oil (TLC up diasteromer) 
and a white solid (TLC down diastereomer): 
TLC up diastereomer; [α]D20 = +4.46 (c 0.50, CHCl3); 1H NMR (800 MHz, CDCl3) δ 5.88-
5.84 (m, 1H), 5.84 (ddd, J = 17.2, 10.3, 7.0 Hz, 1H), 5.46 (dd, J = 10.5, 5.4 Hz, 1H), 5.17 
(d, J = 17.2 Hz, 1H), 5.07 (dd, J = 10.4, 1.0 Hz, 1H), 4.35 (q, J = 6.4 Hz, 1H), 3.78 (t, J = 





1H), 2,49 (ddd, J = 13.1, 7.1, 2.8 Hz, 1H), 2.19 (ddd, J = 15.1, 6.3, 2.1 Hz, 1H), 2.08 (ddd, 
J = 15.1, 7.0, 1.5 Hz, 1H), 1.71 (d quint, J = 13,6, 7.4 Hz, 1H), 1.45 (d quint, J = 13,7, 7.3 
Hz, 1H), 0.87 (t, J = 7.4, 3H), 0.82 (s, 9H), 0.00 (s, 3H), -0.04(s, 3H); 13C NMR (200 MHz, 
CDCl3) δ 181.3, 140.1, 133.9, 132.2, 116.1, 76.9, 75.8, 72.7, 38.2, 38.0, 31.5, 28.6, 25.8, 
17.9, 10.4, -4.4, -4.5; IR (neat) νmax 3077, 3016, 2882, 2857, 2310, 1705, 1543, 1472, 1417, 
1299, 1253, 1090, 922, 837, 784 cm-1; HR-MS (ESI+) calcd for C19H35O4Si (M + H+) 
355.2299, found 355.2301. 
TLC down diastereomer; 1H NMR (800 MHz, CDCl3) δ 5.82 (ddd, J = 17.2, 10.4, 7.7 Hz, 
1H), 5.71 (dtd, J = 10.2, 7.2, 1.3 Hz, 1H), 5.63 (dd, J = 10.6, 4.8 Hz, 1H), 5.21 (dd, J = 17.3 
Hz, 1H), 5.16 (dd, J = 10.4, 1.4 Hz, 1H), 4.19 (td, J = 6.4, 6.1 Hz, 1H) 3.84 (t, J = 8.1 Hz, 
1H), 3.62 (td, J = 8.1, 1.3 Hz, 1H), 2.83-2.79 (m, 2H), 2.55-2.51 (m, 1H), 2.28 (ddd, J = 
14.8, 11.4, 7.6 Hz, 1H), 1.96 (d, J = 14.9 Hz, 1H), 1.69 (d quint, J = 13.6, 7.3 Hz, 1H), 1.46 
(d quint, J = 13.6, 7.4 Hz, 1H), 0.86 (t, J = 7.4 Hz, 3H), 0.82 (s, 9H), 0.03 (s, 3H), -0.02 (s, 
3H); 13C NMR (200 MHz, CDCl3) δ 180.4, 139.0, 134.6, 131.7, 117.7, 81.0, 74.4, 73.7, 
42.0, 38.4, 29.0, 28.2, 25.8, 17.9, 10.6, -4.3, -4.5; HR-MS (ESI+) calcd for C19H35O4Si (M 





To a solution of acid 172 (281 mg, 0.79 mmol) in THF (8 mL) were added N,N'-
dicyclohexylcarbodiimide (254 mg, 1.19 mmol), N-hydroxyphthalimide (194 mg, 1.19 
mmol) and 4-dimethylaminopyridine (5 mg, 0.08 mmol) at room temperature. After stirring 





solution and extracted with EtOAc. The combined organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (EtOAc : n-hexane = 1 : 10 to 1: 6) to provide 362 mg (91%, 3 : 1 mixture 
of inseparable two diastereomers) of ester 174 as a colorless oil: 1H NMR (800 MHz, 
CDCl3) δ 7.86 (dd, J = 5.4, 3.0 Hz, 2H for each isomer, mixture of isomers), 7.76 (dd, J = 
5.4, 3.0 Hz, 2H for each isomer, mixture of isomers), 5.98 (dtd, J = 10.2, 7.7, 1.7 Hz, 1H, 
major isomer), 5.86 (ddd, J = 17.2, 10.3, 6.9 Hz, 1H, major isomer), 5.84 (ddd, J = 17.2, 
10.4, 7.4 Hz, 1H, minor isomer), 5.79 (dtd, J = 10.3, 7.2, 1.6 Hz, 1H, minor isomer), 5.70 
(dd, J = 10.7, 4.6 Hz, 1H, minor isomer), 5.49 (dd, J = 10.5, 5.8 Hz, 1H, major isomer), 
5.23 (d, J = 17.1 Hz, 1H, minor isomer), 5.20 (ddd, J = 17.3, 1.7, 1.1 Hz, 1H, major isomer), 
5.17 (dd, J = 10.4, 1.3 Hz, 1H, minor isomer), 5.09 (ddd, J = 10.3, 1.8, 0.7 Hz, 1H, major 
isomer), 3.23-3.20 (m, 1H, minor isomer), 3.01-2.97 (m, 1H for each isomer, mixture of 
isomers), 2.74 (ddd, J = 13.5, 7.7, 2.1 Hz, 1H), 2.64 (dt, J = 1.34, 9.6 Hz, 1H, major 
isomer), 2.64-2.61 (m, 1H, minor isomer), 2.40 (ddd, J = 14.9, 11.5, 8.2 Hz, 1H, minor 
isomer), 2.34 (ddd, J = 15.1, 5.3, 1.6 Hz, 1H, major isomer), 2.24 (ddd, J = 15.2 7.8, 1.9 Hz, 
1H, major isomer), 2.12 (ddd, J = 14.8, 1.8 Hz, 1H, minor isomer), 1.72 (d quint, J = 13.5, 
7.4 Hz, 1H, major isomer), 1.71 (d quint, J = 13.5, 7.3 Hz, 1H, minor isomer), 1.49 (d quint, 
J = 13.7, 7.3 Hz, 1H, major isomer), 1.48 (d quint, J = 13.7, 7.3 Hz, 1H, minor isomer), 
0.89 (t, J = 7.4 Hz, 3H, major isomer), 0.87 (t, J = 7.4 Hz, 3H, minor isomer), 0.85 (s, 9H, 
major isomer), 0.84 (s, 9H, minor isomer), 0.07 (s, 3H, minor isomer), 0.05 (s, 3H, major 
isomer), 0.00 (s, 3H, minor isomer), -0.02 (s, 3H, major isomer); 13C NMR (200 MHz, 
CDCl3) δ 172.7, 171.9, 162.0, 139.7, 139.1, 135.4, 134.7, 134.7, 133.1, 132.5, 131.1, 129.0, 
129.0, 123.9, 117.5, 116.5, 80.6, 76.1, 75.6, 74.8, 73.7, 72.7, 39.7, 38.6, 38.1, 35.0, 32.3, 
29.0, 27.9, 25.8, 25.8, 17.9, 17.9, 10.6, 10.3, -4.3, -4.5, -4.6, -4.6; IR (neat) νmax 3518, 3076, 
3019, 2930, 2857, 1813, 1615, 1469, 1362, 1255, 1187, 1122, 1082, 991, 904, 878, 837, 








To a solution of ester 174 (143 mg, 0.29 mmol) in a mixture of THF and H2O (2 : 1, 6 mL) 
were added 1-benzyl-1,4-dihydronicotinamide (128 mg, 0.43 mmol), Ru(bpy)3Cl2·6H2O (11 
mg, 0.01 mmol) and diphenyldiselenide (144 mg, 0.43 mmol) at room temperature. After 
stirring for 10 min at the same temperature, the reaction mixture was irradiated with blue 
LEDs (placed in the center of a 30 cm loop of blue LEDs) for 2 h and concentrated in vacuo. 
The reaction mixture was diluted with water and EtOAc and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (n-pentane only to Et2O : 
n-pentane = 1: 6) to provide 105 mg (79%, 1.5 : 1 mixture of inseparable two 
diastereomers) of phenyl selenide 159 as a colorless oil along with 11 mg (11%) of acid 
172.: 1H NMR (800 MHz, CDCl3) δ 7.58-7.57 (m, 2H, minor isomer), 7.53-7.52 (m, 2H, 
major isomer), 7.27-7.24 (m, 3H for each isomer, mixture of isomers), 5.85 (ddd, J = 17.2, 
10.4, 7.1 Hz, 1H, major isomer), 5. 78 (ddd, J = 17.2, 10.3, 7.8 Hz, 1H, minor isomer), 5.74 
(dtd, J = 10.4, 7.0, 1.4 Hz, 1H, minor isomer), 5.65 (dtd, J = 10.5, 7.0, 1.9 Hz, 1H, major 
isomer), 5.64 (dd, J = 10.6, 5.0 Hz, 1H, minor isomer), 5.44 (dd, J = 10.6, 5.1 Hz, 1H, 
major isomer), 5.18 (ddd, J = 17.1, 1.7, 0.7 Hz, 1H, minor isomer), 5.17 (ddd, J = 17.2, 1.8, 
1.0 Hz, 1H, major isomer), 5.14 (dd, J = 10.4, 1.6 Hz, 1H, minor isomer), 5.07 (ddd, J = 
10.4, 1.7, 0.6 Hz, 1H, major isomer), 4.31 (td, J = 6.6, 6.2 Hz, 1H, major isomer), 4.16 (td, 
J = 6.6, 6.0 Hz, 1H, minor isomer), 3.84 (t, J = 7.7 Hz, 1H, major isomer), 3.82 (t, J = 8.2 
Hz, 1H, minor isomer), 3.66 (ddd, J = 8.4, 6.9, 1.4 Hz, 1H, major isomer), 3.63 (dtd, J = 





isomer), 3.56 (ddd, J = 8.6, 7.3, 1.3 Hz, 1H, minor isomer), 3.00 (ddd, J = 13.5, 10.1, 4.1 
Hz, 1H, minor isomer), 2.82 (dt, J = 13.0, 10.6 Hz, 1H, major isomer), 2.48-2.44 (m, 1H for 
each isomer, mixture of isomers), 2.41 (ddd, J = 14.6, 12.4, 7.3 Hz, 1H, minor isomer), 2.29 
(ddd, J = 15.0, 7.0, 2.2 Hz, 1H, major isomer), 2.16 (ddd, J = 15.0, 7.1, 1.5 Hz, 1H, major 
isomer), 1.90 (dd, J = 14.6, 2.2 Hz, 1H, minor isomer), 1.69 (d quint, J = 13.6, 7.4 Hz, 1H, 
major isomer), 1.68 (d quint, J = 13.7, 7.3 Hz, 1H, minor isomer), 1.46 (d quint, J = 13.8, 
7.4 Hz, 1H, minor isomer), 1.43 (d quint, J = 13.7, 7.4 Hz, 1H, major isomer), 0.86 (t, J = 
7,4 Hz, 3H, major isomer), 0.84 (t, J = 7.4 Hz, 3H, minor isomer), 0.83 (s, 9H, major 
isomer), 0.72 (s, 9H, minor isomer), -0.01 (s, 3H, major isomer), -0.02 (s, 3H, major 
isomer), -0.13 (s, 3H, minor isomer), -0.23 (s, 3H, minor isomer); 13C NMR (200 MHz, 
CDCl3) δ 140.2, 139.0, 135.6, 134.6, 134.5, 133.9, 132.3, 131.6, 130.9, 129.6, 129.1, 129.0, 
127.8, 127.2, 117.7, 116.1, 81.6, 77.6, 75.8, 74.3, 74.0, 73.2, 43.8, 42.3, 42.0, 38.4, 36.9, 
32.9, 28.3, 25.9, 25.7, 18.0, 17.8, 10.6, 10.5, -4.1, -4.4, -4.6; IR (neat) νmax 3072, 3014, 
2957, 2928, 2856, 1735, 1644, 1579, 1473, 1361, 1300, 1254, 1189, 1127, 1006, 921, 813, 





To a cooled (0 °C) solution of phenylselenide 159 (35 mg, 0.08 mmol) in CH2Cl2 (2 mL) 
were added pyridine (0.1 mL, 1.24 mmol), 2-methyl-2-butene (0.1 mL, 0.94 mmol), and 
hydrogen peroxide (30 wt. % in H2O, 0.1 mL, 0.88 mmol). After stirring for 12 h at the 
same temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O 





dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (n-pentane only to Et2O : n-pentane = 1: 40) to provide 16 mg (0.05 mmol, 
67%) of triene 176 as a colorless oil, 4 mg (16%) of regioisomer 177 as a colorless oil, and 
4 mg (15%) of (E)-olefinic isomer 178 as a colorless oil: [α]D20 = +94.93 (c 0.30, CHCl3); 
1H NMR (600 MHz, CDCl3) δ 6.11 (d, J = 11.5 Hz, 1H), 5.92 (d, J = 10.1 Hz, 1H), 5.90 
(ddd, J = 17.4, 10.5, 7.3 Hz, 1H), 5.76 (td, J = 9.6, 7.3 Hz, 1H), 5.58 (ddd, J = 11.5, 5.0, 1.4 
Hz, 1H), 5.19 (d, J = 16.9 Hz, 1H), 5.09 (d, J = 10.6 Hz, 1H), 4.09-4.05 (m, 1H), 4.06 (dt, J 
= 8.5, 7.3 Hz, 1H), 3.51 (td, J = 8.7, 2.3 Hz, 1H), 2.65 (dt, J = 13.3, 9.4 Hz, 1H), (dd, J = 
13.3, 7.4 Hz, 1H), 1.69 (d quint, J = 13.3, 7.4 Hz, 1H), 1.46 (d quint, J = 13.7, 7.3 Hz, 1H) 
0.84 (s, 9H), 0.84 (t, J = 7.3 Hz, 3H), 0.03 (s, 3H), -0.02 (s, 3H); 13C NMR (200 MHz, 
CDCl3) δ 139.9, 134.6, 132.5, 130.0, 127.3, 116.0, 81.3, 76.1, 72.2, 37.8, 28.1, 25.8, 18.0, 
10.5, -4.5, -4.5; IR (neat) νmax 3005, 2958, 2857, 1741, 1644, 1463, 1378, 1257, 1188, 1086, 





To a cooled (0 °C) solution of phenylselenide 159 (68 mg, 0.15 mmol) in THF (3 mL) was 
added TBAF (1 M in THF, 0.3 mL, 0.30 mmol). After stirring for 3 h at the same 
temperature, the reaction mixture was quenched with water and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (EtOAc : n-hexane = 1 : 
6) to provide 49 mg (94%, 1.5 : 1 mixture of separable two diastereomers) of alcohol 183 as 





TLC up diastereomer; [α]D20 = -56.16 (c 1.00, CHCl3); 1H NMR (800 MHz, CDCl3) δ 
7.60-7.57 (m, 2H), 7.27-7.24 (m, 3H), 5.94 (ddd, J = 17,9, 9.8, 8.0 Hz, 1H), 5.58 (dtd, J = 
10.6, 6.5, 1.4 Hz, 1H), 5.52 (dd, J = 10.6, 5.8 Hz, 1H), 5.31 (d, J = 16.8 Hz, 1H), 5.30 (d, J 
= 11.4 Hz, 1H), 4.23 (q, J = 6.7 Hz, 1H), 3.91 (ddt, J = 8.8, 6.2, 2.6 Hz, 1H), 3.83 (t, J = 8.5 
Hz, 1H), 3.55 (dtd, J = 11.8, 4.7, 3.0 Hz, 1H), 2.83 (q, J = 11.7 Hz, 1H), 2.48 (ddd, J = 12.3, 
6.0, 2.8 Hz, 1H), 2.45 (ddd, J = 12.4, 5.8, 5.4 Hz, 1H), 1.95 (ddd, J = 15.4, 5.2, 2.2 Hz, 1H), 
1.66 (d quint, J = 13.8, 7.3 Hz, 1H), 1.57 (d, J = 2.9 Hz, 1H), 1.45 (d quint, J = 13.7, 7.4 Hz, 
1H), 0.85 (t, J = 7.4 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 138.4, 134.7, 133.8, 132.2, 
129.6, 129.1, 127.6, 119.0, 80.2, 73.6, 69.4, 40.6, 38.0, 34.0, 28.5, 10.3; IR (neat) νmax 3356, 
2959, 2875, 1578, 1477, 1428, 1377, 1270, 1231, 1166, 1046, 934, 915, 879, 754 cm-1; HR-
MS (ESI+) calcd for C18H25O2Se (M + H+) 353.1015, found 353.1018. 
TLC down diastereomer; [α]D20 = -9.28 (c 0.70, CHCl3); 1H NMR (800 MHz, CDCl3) δ 
7.57-7.55 (m, 2H), 7.27-7.26 (m, 3H), 5.87 (ddd, J = 17.4, 10.3, 8.3 Hz, 1H), 5.80 (dtd, J = 
10.6, 6.5, 1.6 Hz, 1H), 5.63 (dd, J = 10.8, 4.8 Hz, 1H), 5.33 (dd, J = 10.4, 1.0 Hz, 1H), 5.29 
(dd, J = 17.4, 1.4 Hz, 1H), 4.18 (q, J = 6.4 Hz, 1H), 3.80 (t, J = 8.6 Hz, 1H), 3.73 (dtd, J = 
12.4, 4.0, 3.7 Hz, 1H), 3.57 (tt, J = 8.0, 2.1 Hz, 1H), 3.07 (ddd, J = 13.6, 10.6, 4.4 Hz, 1H), 
2.38 (ddd, J = 13.3, 5.7, 4.7 Hz, 1H), 2.30 (ddd, J = 14.4, 12.4, 7.4 Hz, 1H), 2.10 (d, J = 
14.4 Hz, 1H), 1.66 (d quint, J = 13.8, 7.4 Hz, 1H), 1.47 (d quint, J = 13.8,7.3 Hz, 1H), 1.44 
(d, J = 2.6 Hz, 1H), 0.86 (t, J = 7.4 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 138.3, 134.7, 
134.3, 131.8, 129.9, 129.1, 127.6, 119.8, 81.2, 74.6, 72.1, 41.8, 40.9, 32.5, 28.2, 10.5; IR 
(neat) νmax 3323, 3006, 2963, 2875, 1579, 1509, 1479, 1437, 1300, 1220, 1149, 1042, 989, 












To a cooled (0 °C) solution of alcohol 20a (46 mg, 0.13 mmol) in CH2Cl2 (1.3 mL) were 
added 2,6-lutidine (0.9 mL, 0.78 mmol) and t-butyldiphenylsilyl trifluoromethanesulfonate 
(152 mg, 0.39 mmol). After stirring for 4 h at the same temperature, the reaction mixture 
was quenched with saturated NH4Cl solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (Et2O: n-pentane = 1 : 20) to provide 
68 mg (88%, 1.5 : 1 mixture of inseparabele two diastereomers along with trace amount of 
tirene 186) of silyl ether 184 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 77.68 (dd, J =  
8.2, 1.4 Hz, 2H, major isomer), 7.61 (dd, J = 7.8, 1.4 Hz, 2H, major isomer), 7.59 (dd, J = 
7.8, 1.4 Hz, 2H, minor isomer), 7.54 (dd, J = 7.8, 1.4 Hz, 2H, minor isomer), 7.45 (dd, J = 
6.4, 1.8 Hz, 2H, major isomer), 5.72-5.66 (m, 1H for each isomer, mixture of isomers), 5.64 
(td, J = 10.1, 8.7 Hz, 1H, major isomer), 5.51-5.49 (m, 2H, minor isomer), 5.47 (dd, J = 
11.0, 5.0 Hz, 1H, major isomer), 5.27 (dd, J = 17.5, 1.4 Hz, 1H, minor isomer), 5.18 (dd, J 
= 10.1, 1.9 Hz, 1H, minor isomer), 4.96 (dd,J = 10.1, 1.8 Hz, 1H, major isomer), 4.96 (d, J 
= 17.0 Hz, 1H, major isomer), 4.11 (q, J = 6.4 Hz, 1H, major isomer), 3.98-3.91 (m, 1H for 
major isomer, 2H for minor isomer, mixture of isomer), 2.93-2.90 (m, 1H, major isomer), 
2.75 (dddd, J = 12.5, 6.5, 5.6, 3.5 Hz, 1H, minor isomer), 2.49 (dt, J = 13.4, 8.4 Hz, 1H, 
major isomer), 2.35 (ddd, J = 14.4, 12.7, 6.2 Hz, 1H, minor isomer), 2.26-2.24 (m, 1H, 
minor isomer), 2.14 (ddd, J = 14.6, 7.9, 2.9 Hz, 1H, major isomer), 2.03 (ddd, J = 14.5, 9.7, 
1.4 Hz, 1H, major isomer), 2.04-2.00 (m, 1H, minor isomer), 1.61 (d quint, J = 13.7, 7.6 Hz, 





1H, major isomer), 1.41 (d quint, J = 13.7, 7.3 Hz, minor isomer), 1.02 (s, 9H, major 
isomer), 0.93 (s, 9H, minor isomer), 0.84 (t, J = 7.4 Hz, 3H, major isomer), 0.77 (t, J = 7.3 
Hz, 3H, minor isomer); IR (neat) νmax 3439, 3071, 3012, 2959, 2930, 2857, 1730, 1692, 
1578, 1473, 1462, 1437, 1362, 1111, 1065, 934, 822, 740 cm-1; HR-MS (ESI+) calcd for 





To a cooled (0 °C) solution of phenylselenide 184 (61 mg, 0.10 mmol) in CH2Cl2 (3 mL) 
were added pyridine (0.1 mL, 1.24 mmol), 2-methyl-2-butene (0.1 mL, 0.94 mmol), and 
hydrogen peroxide (30 wt. % in H2O, 0.1 mL, 0.88 mmol). After stirring for 12 h at the 
same temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O 
solution and extracted with CH2Cl2. The combined organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (n-pentane only to Et2O : n-pentane = 1: 40) to provide 40 mg (90%) of 
triene 186 as a colorless oil, 4 mg (9%) of regioisomer 188 as a colorless oil: [α]D20 = 
+80.09 (c 0.70, CHCl3); 1H NMR (500 MHz, CDCl3) δ 7.65 (d, J = 7.2 Hz, 4H), 7.41-7.38 
(m, 2H), 7.34 (dt, J = 7.2, 6.9 Hz, 4H), 6.02 (dd, J = 11.3, 1.1 Hz, 1H), 5.94 (ddd, J = 17.2, 
10.3, 7.4 Hz, 1H), 5.73 (d, J = 11.0 Hz, 1H), 5.54 (ddd, J = 11.3, 5.5, 1.0 Hz, 1H), 5.25 (td, 
J = 10.5, 6.8 Hz, 1H), 5.22 (d, J = 17.2 Hz, 1H), 5.10 (dd, J = 10.3, 1.1 Hz, 1H), 4.19 (t, J = 
7.6 Hz, 1H), 3.97 (td, J = 6.6, 6.3 Hz, 1H), 3.67 (td, J = 8.4, 2.1 Hz, 1H), 2.57 (dt, J = 13.2, 
9.4 Hz, 1H), 2.07 (dd, J = 13.2, 7.2 Hz, 1H), 1.67 (d quint, J = 13.6, 7.2 Hz, 1H), 1.44 (d 





CDCl3) δ 139.7, 136.1, 136.0, 134.7, 134.4, 133.5, 132.4, 130.1, 129.6, 129.5, 127.5, 127.4, 
126.9, 116.5, 82.2, 75.7, 73.4, 37.4, 28.3, 27.0, 19.4, 10.4; IR (neat) νmax 3071, 3002, 2961, 
2858, 1641, 1589, 1472, 1428, 1362, 1304, 1246, 1189, 1110, 997, 922, 790, 739 cm-1; HR-
MS (ESI+) calcd for C28H37O2Si (M + H+) 433.2557, found 433.2564. 
 
Regioisomer 188: 1H NMR (800 MHz, CDCl3) δ 7.68 (d, J = 6.8 Hz, 2H), 7.63 (d, J = 6.7 
Hz, 2H), 7.41 (t, J = 7.4 Hz, 1H), 7.38 (t, J = 7.4 Hz, 1H), 7.35 (t, J = 7.4 Hz, 2H), 7.33 (t, J 
= 7.4 Hz, 2H), 5.87 (ddd, J = 17.2, 10.2, 8.3 Hz, 1H), 5.70 (td, J = 10.0, 7.8 Hz, 1H), 5.46-
5.41 (m, 2H), 5.29 (d, J = 17.0 Hz, 1H), 5.22-5.19 (m, 2H), 5.13 (t, J = 7.0 Hz, 1H), 4.15 
(td, J = 8.0, 4.2 Hz, 1H), 4.11 (t, J = 7.8 Hz, 1H), 2.79 (dt, J = 12.8, 9.4 Hz, 1H), 2.23-2.19 
(m, 1H), 1.56 (dqd, J = 13.1, 7.5, 4.2 Hz, 1H), 1.41 (d quint, J = 13.0, 7.4 Hz, 1H), 1.02 (s, 
9H), 0.72 (t, J = 7.5 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 136.9, 136.2, 136.1, 134.3, 
133.8, 133.2, 132.4, 132.2, 129.6, 129.4, 127.9, 127.4, 127.3, 119.1, 84.2, 69.3, 69.2, 29.3, 






To a solution of 9-borabicyclo[3.3.1]nonane dimer (21 mg, 0.08 mmol) in THF (0.2 mL) 





temperature. After the reaction mixture was stirred for 8 h at room temperature, aqueous 2 
N NaOH (0.4 mL) and hydrogen peroxide (0.2 mL) were added at 0 °C. After stirring for 30 
min at the same temperature, the reaction mixture was quenched with saturated 
Na2S2O3·5H2O solution and extracted with Et2O. The combined organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash 
column chromatography (Et2O : n-pentane = 1: 10 to 1 : 6 to 1 : 3) to provide 25 mg (72%) 
of alcohol 158 as a colorless oil: [α]D20 = +85.94 (c 0.70, CHCl3); 1H NMR (600 MHz, 
CDCl3) δ 7.67-7.65 (m, 4H), 7.44-7.40 (m, 2H), 7.38-7.35 (m, 4H), 5.99 (dd, J = 11.5, 2.3 
Hz, 1H), 5.64 (dd, J = 11.2, 3.0 Hz, 1H), 5.38(dd, J = 11.0, 7.8 Hz, 1H), 5.05 (dt, J = 11.0, 
8.5 Hz, 1H), 4.09 (td, J = 7.8, 3.2 Hz, 1H), 3.92 (td, J = 7.8, 5.9 Hz, 1H), 3.79-3.75 (m, 2H), 
3.73-3.69 (m, 1H), 2.56-2.51 (m, 2H), 2.11 (dd, J = 14.2, 7.8 Hz, 1H), 2.01 (dddd, J = 14.7, 
7.3, 4.6, 2.8 Hz, 1H), 1.95-1.89 (m, 1H), 1.64 (dqd, J = 13.3, 7.4, 5.5 Hz, 1H), 1.48 (d quint, 
J = 13.7, 7.6 Hz, 1H), 1.03 (s, 9H), 0.80 (t, J = 7.6 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 
136.0, 135.9, 134.3, 133.2, 132.8, 132.1, 129.8, 129.7, 129.6, 127.7, 127.6, 127.0, 83.2, 
74.0, 73.6, 61.6, 37.8, 34.6, 29.1, 27.0, 19.4, 9.8; IR (neat) νmax 3430, 3071, 3004, 2960, 
2857, 1726, 1636, 1589, 1463, 1427, 1361, 1260, 1188, 1110, 1008, 939, 823, 741 cm-1; 





To a solution of alcohol 158 (20 mg, 0.05 mmol) in CH2Cl2 (1 mL) were added NaHCO3 





The reaction mixture was stirred for 1 h at the same temperature and benzothiazolyl sulfone 
A (42 mg, 0.14 mmol) and 1,8-diazabicyclo[5.4.0]undec-7-ene (0.04 mL, 0.27 mmol) were 
added at -55 °C. After stirring for 2 h at the same temperature, the reaction mixture was 
quenched with saturated NaHCO3 solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (Et2O : n-pentane = 1: 40) to provide 
20 mg (83%) of enyne 189 as a colorless oil: [α]D20 = +78.45 (c 0.20, CHCl3); 1H NMR 
(800 MHz, CDCl3) δ 7.68-7.66 (m, 4H), 7.42-7.40 (m, 2H), 7.37 (td, J = 7.1, 5.8 Hz, 4H), 
5.99 (dt, J = 11.0, 6.7 Hz, 1H), 5.90 (d, J = 11.2 Hz, 1H), 5.61 (dd, J = 11.0, 2.2 Hz, 1H), 
5.52 (d, J = 11.0 Hz, 1H), 5.44 (dd, J = 11.2, 7.0 Hz, 1H), 5.06 (td, J = 10.2, 7.5 Hz, 1H), 
4.00 (td, J = 7.6, 4.1 Hz, 1H), 3.87 (td, J = 7.2, 5.8 Hz, 1H), 3.80 (td, J = 7.5, 1.7 Hz, 1H), 
2.83-2.80 (m, 1H), 2.71 (ddd, J = 13.7, 8.4, 8.0 Hz, 1H), 2.68 (d quint, J = 16.2, 8.0 Hz, 
1H), 2.05 (dd, J = 13.5, 7.1 Hz, 1H), 1.64 (dqd, J = 13.3, 7.3, 5.5 Hz, 1H), 1.47 (d quint, J = 
13.4, 7.6 Hz, 1H) 1.02 (s, 9H), 0.77 (t, J = 7.4 Hz, 3H), 0.16 (s, 9H); 13C NMR (200 MHz, 
CDCl3) δ 142.5, 136.0, 135.9, 134.5, 133.8, 133.2, 131.1, 130.1, 129.8, 129.6, 127.8, 127.5, 
126.7, 110.3, 102.3, 98.9, 83.2, 73.7, 73.3, 36.7, 34.3, 29.1, 27.1, 19.4, 9.8, 0.1; IR (neat) 
νmax 3071, 3049, 2960, 2858, 2148, 1730, 1590, 1463, 1428, 1250, 1220, 1110, 1044, 940, 










To a solution of enyne 189 (13 mg, 0.02 mmol) in THF (1 mL) was added TBAF (1 M in 
THF, 0.1 mL, 0.1 mmol) at room temperature. After stirring for 6 h at the same temperature, 
the reaction mixture was quenched with water and extracted with Et2O. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (Et2O : n-pentane = 1: 6) to provide 6 
mg (99%) of alcohol 189a as a white solid: [α]D20 = +365.35 (c 0.20, CHCl3); 1H NMR 
(800 MHz, CDCl3) δ 6.24 (dddd, J = 11.0, 9.0, 5.9, 0.9 Hz, 1H), 6.12 (ddd, J = 11.5, 2.5, 
1.5 Hz, 1H), 5.92 (ddd, J = 11.0, 1.5, 1.0 Hz, 1H), 5.79(td, J = 10.5, 7.3 Hz, 1H), 5.58 (d, J 
= 11.0 Hz, 1H), 5.54 (ddd, J = 11.2, 5.7, 1.1 Hz, 1H), 4.06 (q, J = 6.4 Hz, 1H), 3.86 (dt, J = 
8.3, 5.0 Hz, 1H), 3.60 (tdd, J = 8.7, 5.0, 2.8 Hz, 1H), 3.13 (d, J = 2.3 Hz, 1H), 2.90-2.84 (m, 
1H), 2.68 (dt, J = 13.3, 9.2 Hz, 1H), 2.57 (dtd, J = 14,7, 5.3, 1.5 Hz, 1H), 2.28 (dd, J = 13.3, 
6.9 1.0 Hz, 1H), 1.92 (d, J = 5.1 Hz, 1H), 1.70 (d quint, J = 13.7, 7.4 Hz, 1H), 1.55 (d quint, 
J = 13.3, 7.4 Hz, 1H), 0.90 (t, J = 7.4 Hz, 3H); 13C NMR (200 MHz, CDCl3) δ 142.5, 134.1, 
132.7, 130.0, 127.5, 109.8, 82.2, 80.6, 79.6, 75.0, 70.9, 36.6, 34.6, 29.0, 10.2; IR (neat) νmax 
3479, 3309, 3004, 2961, 2923, 1868, 1715, 1671, 1464, 1377, 1260, 1123, 1339, 1065, 899, 




To a solution of alcohol 189a (4.4 mg, 0.02 mmol) in toluene (0.5 mL) were added carbon 
tetrachloride (0.01 mL, 0.09 mmol) and (n-Oct)3P (0.08 mL, 0.18 mmol). The reaction 
mixture was stirred for 30 min at room temperature and then was warmed to 60 °C. After 





solution and extracted with Et2O. The combined organic layer was washed with brine, dried 
over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (Et2O : n-pentane = 1: 50) to provide 4.2 mg (92%) of (+)-brasilenyne 5 as 
a white solid: [α]D20 = +220.77 (c 0.20, CHCl3); 1H NMR (800 MHz, CDCl3) δ 6.22 (ddd, J 
= 11.0, 2.7, 1.6 Hz, 1H), 6.07 (d, J = 11.5 Hz, 1H), 6.04 (dddd, J = 11.0, 8.5, 6.8, 1.2 Hz, 
1H), 5.79 (td, J = 11.0, 7.8 Hz, 1H), 5.54 (dd, J = 11.0, 1.0 Hz, 1H), 5.53 (d, J = 11.0 Hz, 
1H), 4.27 (q, J = 6.9 Hz, 1H), 4.07 (d, J = 8.2 Hz, 1H), 3.89 (t, J = 6.9 Hz, 1H), 3.11 (d, J = 
2.0 Hz, 1H), 2.70 (dt, J = 14.2, 8.0 Hz, 1H), 2.65 (dt, J = 13.7, 8.2 Hz, 1H), 2.60 (dtd, J = 
14.0, 6.8, 1.0 Hz, 1H), 2.46 (dd, J = 13.3, 8.2 Hz, 1H), 1.70 (d quint, J = 13.7, 7.4 Hz, 1H), 
1.51 (d quint, J = 13.3, 7.3 Hz, 1H), 0.89 (t, J = 7.3 Hz, 3H); 13C NMR (200 MHz, CDCl3) 
δ 141.4, 134.3, 133.5, 129.7, 128.7, 110.5, 82.2, 80.2, 75.7, 75.6, 63.0, 36.5, 36.0, 28.7, 
10.1; IR (neat) νmax 3323, 2991, 2973, 2911, 2869, 2098, 1737, 1620, 1444, 1426, 1373, 
1322, 1277, 1201, 1120, 1082, 1040, 991, 898, 755 cm-1; HR-MS (ESI+) calcd for 





To a solution of oxonene 160 (47 mg, 0.09 mmol) in DMSO (2 mL) was added TBAOAc 
(136 mg, 0.45 mmol) at room temperature. After stirring for 12 h at 100 °C, the reaction 
mixture was quenched with water and extracted with Et2O. The combined organic layer was 
washed with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified 
by flash column chromatography (Et2O : n-pentane = 1: 10) to provide 39 mg (97%) of 





7.67 (t, J = 7.6 Hz, 1H), 7.55 (dd, J = 8.3, 7.3 Hz, 2H), 5.84 (ddd, J = 17.2, 10.5, 7.5 Hz, 
1H), 5.77 (ddd, J = 10.5, 3.2, 1.4 Hz, 1H), (tdd, J = 10.6, 5.0, 2.3 Hz, 1H), 5.19 (d, J = 17.4 
Hz, 1H), 5.09 (dd, J = 10.3, 1.1 Hz, 1H), 4.37-4.35 (m, 1H), 4.25 (ddd, J = 9.6, 8.2, 1.4 Hz, 
1H), 4.09 (dd, J = 12.8, 11.0 Hz, 1H), 3.79 (dd, J = 8.3, 7.8 Hz, 1H), 2.90 (d, J =15.6 Hz, 
1H), 2.59 (dd, J = 15.3, 9.9 Hz, 1H), 2.09 (dd, J = 13.1, 3.4 Hz, 1H), 1.79 (d quint, J = 13.4, 
7.4 Hz, 1H), 1.44 (d quint, J = 13.7, 7.4 Hz, 1H), 0.88 (t, J = 7.4 Hz, 3H), 0.84 (s, 9H), 0.20 








To a solution of sulfone 170 (28 mg, 0.06 mmol) in CH2Cl2 (0.6 mL) was added DMDO 
(0.2 M in acetone, 1 mL, 0.20mmol) at room temperature. After stirring for 3 h, the reaction 
mixture was concentrated in vacuo. The residue was purified by flash column 
chromatography (Et2O : n-pentane = 1: 40) to provide 26 mg (88%) of epoxide 192 as a 
colorless oil: 1H NMR (600 MHz, CDCl3) δ 7.91-7.90 (m, 2H, major isomer), 7.88-7.87 (m, 
2H), minor isomer), 7.66-7.63 (m, 1H, mixture of diastereomers), 7.58-7.55 (m, 2H, 
mixture of diastereomers), 5.78 (ddd, J = 17.5, 10.1, 6.9 Hz, 1H, minor isomer), 5.76 (ddd, 
J = 17.0, 10.5, 8.3 Hz, 1H, major isomer), 5.26 (d, J = 17.5 Hz, 1H, major isomer), 5.22 (d, 
J =17.4 Hz, 1H, minor isomer), 5.21 (dd, J = 10.1, 1.4 Hz, 1H, major isomer), 5.15 (d, J = 
10.6 Hz, minor isomer), 3.86 (dd, J = 7.3, 6.9 Hz, 1H, minor isomer), 3.80 (td, J = 7.4, 1.8 
Hz, 1H, minor isomer), 3.74 (t, J = 8.7 Hz, 1H, major isomer), 3.45-3.40 (m, 1H, mixture of 





Hz, 1H, major isomer), 3.25 (td, J = 7.4, 5.9 Hz, 1H, major isomer), 2,97 (dd, J = 7.8, 4.1 
Hz, 1H, major isomer), 2.93-2.90 (m, 1H, mixture of diastereomers), 2.87 (d, J = 14.2 Hz, 
minor isomer), 2.80 (dd, J = 6.7, 3.9 Hz, 1H, minor isomer), 2.56 (ddd, J = 14.9, 12.2, 5.1 
Hz, 1H, major isomer), 2.48 (dd, J = 14.0, 5.7 Hz, 1H, minor isomer), 1.99 (d, J = 15.1 Hz, 
1H, major isomer), 1.94 (ddd, J = 14.4, 9.4, 2.3 Hz, 1H, minor isomer), 1.76-1.62 (m, 3H 
for major isomer, 2H for minor isomer, mixture of diastereomers), 1.47-1.40 (m, 1H, minor 
isomer), 0.93 (t, J = 7.6 Hz, 3H, major isomer), 0.91 (t, J = 7.4 Hz, 3H, minor isomer), 0.67 
(s, 9H, major isomer), 0.05 (s, 3H, minor isomer), -0.02 (s, 3H, minor isomer), -.014 (s, 3H, 





To a solution of diphenyl diselenide (97 mg, 0.31 mmol) in EtOH (0.3 mL) was added 
NaBH4 (9 mg, 0.25 mmol)at 0 °C. The resulting mixture was stirred for 30 min at room 
temperature. A solution of the epoxide 192 (29 mg, 0.06 mmol) in EtOH (0.1 mL) was 
added at room temperature and the reaction mixture was heated to reflux. After refluxing 
for overnigh, the reaction mixture was quenched with saturated NH4Cl solution and 
extracted with Et2O. The combined organic layer was washed with brine, dried over MgSO4, 
and concentrated in vacuo. The residue was purified by flash column chromatography 
(Et2O : n-pentane = 1: 6) to provide 21 mg (54%) of phenyl selenide 193 as a colorless oil: 
1H NMR (600 MHz, CDCl3) δ 7.78-7.76 (m, 2H), 7.61-7.58 (m, 1H), 7.51-7.48 (m, 4H), 





J = 10.6 Hz, 1H), 4.00 (t, J = 7.3 Hz, 1H), 3.76 (dt, J = 7.3, 5.5 Hz, 1H), 3.66 (t, J = 6.2 Hz, 
1H), 3.63-3.61 (m, 1H), 3.58 (td, J = 8.2, 3.7 Hz, 1H), 3.16-3.13 (m, 1H), 2.70 (dt, J = 17.0, 
3.7 Hz, 1H), 2.29 (ddd, J = 14.2, 3.7, 1.8 Hz, 1H), 2.21 (ddd, J = 15.8, 9.4, 3.7 Hz, 1H), 





To a cooled (0 °C) solution of phenylselenide 193 (15 mg, 0.02 mmol) in CH2Cl2 (1 mL) 
were added pyridine (0.1 mL, 1.24 mmol), 2-methyl-2-butene (0.1 mL, 0.94 mmol) and 
hydrogen peroxide (30 wt. % in H2O, 0.1 mL, 0.88 mmol). After stirring for 12 h at the 
same temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O 
solution and extracted with CH2Cl2. The combined organic layer was washed with brine, 
dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (n-pentane only to Et2O : n-pentane = 1: 40) to provide 10 mg (91%) of 
allylic alcohol 194 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 7.88 (dd, J = 8.3, 1.4 
Hz, 1H), 7.66-7.63 (m, 1H), 7.56-7.53 (m, 2H), 5.74 (dt, J = 17.4, 9.4 Hz, 1H), 5.58 (dd, J 
= 15.8, 10.8 Hz, 1H), 5.40 (dd, J = 16.0, 8.3 Hz, 1H), 5.23 (d, J = 9.7 Hz, 1H), 5.24-5.22 (m, 
2H), 3.99 (t, J = 8.5 Hz, 1H), 3.87 (t, J = 8.9 Hz, 1H), 3.61 (ddd, J = 11.7, 10.6, 3.4 Hz, 1H), 
3.39 (dd, J = 8.3, 6.8 Hz, 1H), 3.16 (dt, J = 8.7, 4.1 Hz, 1H), 2.18 (ddd, J = 14.2, 11.9, 6.9 
Hz, 1H), 2.12 (dd, J = 14.0, 3.5 Hz, 1H), 1.69-1.60 (m, 2H), 0.86 (t, J = 7.6 Hz, 3H), 0.73 (s, 









To a cooled (0 °C) solution of sulfone 170 (41 mg, 0.09 mmol) in a mixture of THF and 
MeOH (2 : 1, 2 mL) were added Na2HPO4 (65 mg, 0.45 mmol) and 5% sodium mercury 
amalgam (72 mg). After stirring for 2 h, the reaction mixture was quenched with water and 
extracted with Et2O. The combined organic layer was washed with brine, dried over MgSO4, 
and concentrated in vacuo. The residue was purified by flash column chromatography 
(Et2O : n-pentane = 1: 20) to provide 26 mg (91%) of oxonene 196 as a colorless oil: 1H 
NMR (500 MHz, CDCl3) δ 5.87 (ddd, J = 17.2, 10.4, 6.9 Hz, 1H), 5.79 (td, J = 10.3, 8.7 Hz, 
1H), 5.39 (dd, J = 10.6, 6.3 Hz, 1H), 5.19 (d, J = 16.9 Hz, 1H), 5.08 (dd, J = 10.4, 1.0 Hz, 
1H), 4.28 (q, J = 6.7 Hz, 1H), 3.82 (t, J = 7.8 Hz, 1H) 3.55 (ddd, J = 8.5, 5.9, 1.8 Hz, 1H), 
2.34 (dtd, J = 10.3, 10.2, 3.1 Hz, 1H), 2.18-2.12 (m, 1H), 2.07-1.97 (m, 1H), 1.73-1.55 (m, 
4H), 1.46 (d quint, J = 13.5, 7.4 Hz, 1H), 0.86 (t, J = 7.2 Hz, 3H), 0.82 (s, 9H), -0.01 (s, 





To a cooled (0 °C) solution of oxonene 196 (16 mg, 0.05 mmol) in CH2Cl2 (1 mL) was 





quenched with saturated Na2S2O3·5H2O solution and extracted with CH2Cl2. The combined 
organic layer was washed with brine, dried over MgSO4, and concentrated in vacuo. The 
residue was purified by flash column chromatography (Et2O : n-pentane = 1: 6) to provide 
15 mg (89%) of epoxide 197 as a colorless oil: 1H NMR (500 MHz, CDCl3) δ 5.86 (ddd, J 
= 17.1, 10.3, 7.5 Hz, 1H), 5.27 (d, J = 17.0 Hz, 1H), 5.19 (d, J = 10.1 Hz, 1H), 3.86 (t, J = 
8.2 Hz, 1H), 3.61 (dt, J = 8.9, 3.5 Hz, 1H), 3.33 (dt, J = 8.5, 6.1 Hz, 1H), 2.95 (dt, J = 10.7, 
4.0 Hz, 1H), 2.85 (dd, J = 8.6, 4.1 Hz, 1H), 2.26 (dq, J = 14.2, 4.2 Hz, 1H), 2.16 (ddt, J = 
15.1, 11.2, 4.0 Hz, 1H), 1.74-1.64 (m, 4H), 1.59-1.50 (m, 2H), 0.97 (t, J = 7.5 Hz, 3H), 0.83 





DMDO (0.2 M in acetone, 2 mL, 0.40 mmol) was added to neat ester 174 (62 mg, 0.10 
mmol) at room temperature. After stirring for 3 h, the reaction mixture was concentrated in 
vacuo. The residue was purified by flash column chromatography (Et2O : n-pentane = 1: 
40) to provide 50 mg (79%) of epoxide 198 as a colorless oil: 
TLC up diastereomer; 1H NMR (600 MHz, CDCl3) δ 7.87 (dd, J = 5.3, 3.0 Hz, 2H), 7.77 
(dd, J = 5.5, 3.2 Hz, 2H), 5.89 (ddd, J = 17.2, 10.3, 6.4 Hz, 1H), 5.29 (d, J = 17.4 Hz, 1H), 
5.17 (d, J = 10.1 Hz, 1H), 4.01 (t, J = 7.4 Hz, 1H), 3.75 (dd, J = 5.9, 5.5 Hz, 1H), 3.56 (td, J 
= 7.4, 6.4 Hz, 1H), 3.27 (dt, J = 10.6 4.2 Hz, 1H), 3.20 (t, J = 8.3 Hz, 1H), 2.89 (dd, J = 7.3, 
3.7 Hz, 1H), 2.88 (d, J = 14.2 Hz, 1H), 2.41 (dd, J = 14.4, 4.8 Hz, 1H), 2.16 (dd, J = 15.1, 






TLC down diastereomer; 1H NMR (600 MHz, CDCl3) δ 7.88 (dd, J = 5.5, 3.2 Hz, 2H), 
7.78 (dd, J = 5.5, 3.2 Hz, 2H), 5.84 (ddd, J = 17.2, 10.3, 8.3 Hz, 1H), 5.32 (d, J = 17.0 Hz, 
1H), 5.27 (dd, J = 10.1, 1.4 Hz, 1H), 3.80 (dd, J = 9.1, 8.8 Hz, 1H), 3.64 (dt, J = 9.1, 3.9 Hz, 
1H), 3.30 (dt, J = 11.0, 3.7 Hz, 1H), 3.25-3.20 (m, 2H), 2.95 (dd, J = 8.6, 3.8 Hz, 1H), 2.77-
2.69 (m, 2H), 2.07 (dt, J = 15.1, 6.0 Hz, 1H), 1.77-1.65 (m, 3H), 0.97 (t, J = 7.6 Hz, 3H), 





To a solution of epoxide 198 (41 mg, 0.07 mmol) in a mixture of THF and H2O (2 : 1, 1 
mL) were added 1-benzyl-1,4-dihydronicotinamide (21 mg, 0.10 mmol), Ru(bpy)3Cl2·6H2O 
(4 mg, 0.01 mmol) and diphenyldiselenide (31 mg, 0.10 mmol) at room temperature. After 
stirring for 10 min at the same temperature, the reaction mixture was irradiated with blue 
LEDs (placed in the center of a 30 cm loop of blue LEDs) for 2 h and concentrated in vacuo. 
The reaction mixture was diluted with water and EtOAc and extracted with EtOAc. The 
combined organic layer was washed with brine, dried over MgSO4, and concentrated in 
vacuo. The residue was purified by flash column chromatography (n-pentane only to Et2O : 
n-pentane = 1: 10) to provide 27 mg (83%) of phenyl selenide 191 as a colorless oil: 1H 
NMR (600 MHz, CDCl3) δ 7.60-7.59 (m, 2H, minor isomer), 7.57-7.55 (m, 2H, major 
isomer), 7.31-7.26 (m, 3H, mixture of diastereomers), 5.86 (ddd, J = 17.4, 10.5, 6.4 Hz, 1H, 





1H, minor isomer), 5.26 (d, J = 15.6 Hz, 1H, major isomer), 5.24 (d, J = 8.7 Hz, 1H, minor 
isomer), 5.14 (d, J = 10.5 Hz, 1H, major isomer), 4.01 (dd, J = 7.3, 6.4 Hz, 1H, major 
isomer), 3.73-3.68 (m, 1H, mixture of diastereomers), 3.65 (ddt, J = 10.6, 8.3, 2.3 Hz, 1H, 
major isomer), 3.60 (dtd, J = 14.0, 3.7, 3.3 Hz, 1H, minor isomer), 3.54 (dt, J = 9.2, 3.5 Hz, 
1H, minor isomer), 3.48 (td, J = 7.4, 6.4 Hz, 1H, major isomer), 3.30 (dt, J = 11.0, 3.7 Hz, 
1H, minor isomer), 3.18 (dt, J = 8.7, 5.9 Hz, 1H, minor isomer), 2.92 (dd, J = 8.7, 4.1 Hz, 
1H, minor isomer), 2.90 (dt, J = 10.6, 3.7 Hz, 1H, major isomer), 2.80 (dd, J = 7.6, 3.9 Hz, 
1H, major isomer), 2.68 (td, J = 14.6, 2.8 Hz, 1H, minor isomer), 2.58 (dt, J = 14.2, 3.0 Hz, 
1H, major isomer), 2.45 (d, J = 15.1 Hz, 1H, minor isomer), 2.20 (ddd, J = 15.2, 6.4, 2.8 Hz, 
1H, major isomer), 2.12 (ddd, J = 15.1, 8.2, 2.3 Hz, 1H, major isomer), 1.88 (d, J = 15.1 Hz, 
1H, minor isomer), 1.80-1.66 (m, 3H, mixture of diastereomers), 0.95 (t, J = 7.4 Hz, 3H, 
mixture of diastereomers), 0.87 (s, 9H, major isomer), 0.75 (s, 9H, minor isomer), 0.03 (s, 








To a cooled (0 °C) solution of phenylselenide 193 (20 mg, 0.04 mmol) in CH2Cl2 (1 mL) 
were added pyridine (0.1 mL, 1.24 mmol), 2-methyl-2-butene (0.1 mL, 0.94 mmol) and 
hydrogen peroxide (30 wt. % in H2O, 0.1 mL, 0.88 mmol). After stirring for 12 h at the 
same temperature, the reaction mixture was quenched with saturated Na2S2O3·5H2O 





dried over MgSO4, and concentrated in vacuo. The residue was purified by flash column 
chromatography (n-pentane only to Et2O : n-pentane = 1: 40) to provide 6 mg (41%) of 
oxonene 199 as a colorless oil: 1H NMR (600 MHz, CDCl3) δ 5.86 (ddd, J = 17.2, 10.3, 7.8 
Hz, 1H), 5.76 (tdd, J = 10.5, 6.0, 1.8 Hz, 1H), 5.63 (d, J = 10.6 Hz, 1H), 5.24 (d, J = 17.4 
Hz, 1H), 5.15 (dd, J = 10.6, 1.4 Hz, 1H), 4.04 (dd, J = 7.4, 6.8 Hz, 1H), 3.71-3.70 (m, 1H), 
3.48 (ddd, J = 9.8, 6.4, 3.0 Hz, 1H), 3.23 (q, J = 6.9 Hz, 1H), 3.01 (dd, J = 7.3, 4.1 Hz, 1H), 
2.82 (dt, J = 13.3, 10.8 Hz, 1H), 2.26-2.21 (m, 1H), 1.73 (d quint, J = 13.7, 7.3 Hz, 1H), 






To a cooled (0 °C) 0.5 M solution of DIBAL-H in tolune (0.28 mL, 0.14 mmol) was added 
n-BuLi (2.5 M in hexane, 0.06 mL, 0.14 mmol). After the reaction mixture was stirred for 
30 min at the same temperature, a solution of epoxide 199 (9 mg, 0.03 mmol) in toluene 
(0.5 mL) was added. After stirring for 1 h at 0 °C, the reaction mixture was quenched with 
saturated NH4Cl solution and extracted with Et2O. The combined organic layer was washed 
with brine, dried over MgSO4, and concentrated in vacuo. The residue was purified by flash 
column chromatography (Et2O : n-pentane = 1: 6) to provide 5 mg (54%) of alcohol 190 as 
a colorless oil: 1H NMR (600 MHz, CDCl3) δ 5.81 (ddd, J = 17.5, 10.1, 7.8 Hz, 1H), 5.79 
(td, J = 10.3, 7.7 Hz, 1H), 5.62 (td, J = 10.5, 6.9 Hz, 1H), 5.14 (dd, J = 17.1, 1.7 Hz, 1H), 





= 9.2, 2.8 Hz, 1H), 2.83-2.76 (m, 2H), 2.16-2.11 (m, 2H), 1.76-1.71 (m, 1H), 1.68-1.64 (m, 
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 홍조류인 Laurencia 종 또는 Laurencia 종을 먹이로 하는 해양 생물들은 
다양한 중간 고리 ether 천연물을 형성한다고 알려져 있다. 1965년 (+)-laurencin이 
Laurencia 종으로부터 분리된 최초의 중간 고리 ether 천연물로서 보고되었으며, 
이후 다양한 중간 고리 ether 천연물이 보고되어왔다. 이들 천연물의 구조적인 
특징으로는 (1) 탄소 15개로 이뤄진 다양한 크기의 중간 고리 ether 골격, (2) 
다양한 치환 양식 및 3개 이상의 비대칭 탄소, (3) 고리 내부의 1개 이상의 
할로겐 원소 그리고 (4) 말단 enyne 또는 allene 곁사슬기가 있다. 이중 9원환 
ether 화합물인 oxonane을 골격으로 하는 천연물 또한 분리보고 되었으며 
흥미로운 생리활성 및 구조적 다양성으로 인하여 많은 합성 화학자들에 의해 
연구가 진행되고 있다. 9원환 ether 천연물은 8원환 ether 천연물과 비교하여 그 
수가 적을 뿐만 아니라 알려진 합성방법 또한 굉장히 제한되어 있다. 
(+)-Brasilenyne은 1979년 Fenical 연구진에 의해 군소인 Aplysia Brasiliana로부터 
분리 보고되었다. 할로겐이 치환된 9원환 ether 골격으로 고리 내부에 1,3-cis,cis-
diene 치환기 및 3개의 비대칭 탄소가 존재하고 말단 enyne 곁사슬을 갖고 있다. 
1979년에 Imre 연구진에 의해 Laurencia obtusa로부터 (+)-obtusenyne이 처음 분리 
보고된 후 다양한 obtusenyne 관련 천연물이 분리보고 되어왔다. Obtusenyne 관련 
천연물 또한 할로겐이 치환된 9원환 ether 골격으로, 고리 내부에 1개의 cis-
olefin 치환기가 있으며 2개의 할로겐 원소가 도입된 탄소를 포함한 4개의 
비대칭 탄소가 존재하고 말단 enyne 곁사슬을 갖고있다.  
본 연구진은 Laurencia 종으로부터 유래한 다양한 9원환 ether 천연물의 
통합적 합성 전략을 구축하고자 한다. 또한 본 합성법을 이용한 (+)-
１７３ 
brasilenyne의 전합성을 함께 보고하고자 한다. 본합성에서는 (1) ether 골격 및 
C7 hydroxyl기의 효율적인 구축을 위한 선택적인 epoxide 고리 개열 반응 (2) 
9원환 ether 골격의 합성을 위한 분자내 Tsuji-Trost 알릴화 반응 그리고 (3) 1,3-
cis,cis-diene 치환기의 도입을 위한 연속적인 탈탄산화 selen화 반응 및 selenoxide 
제거 반응을 핵심반응으로 이용하였다. 뿐만 아니라 본 연구진은 (+)-
brasilenyne의 합성과정에서 사용된 중간체를 이용하여 obtusenyne 관련 천연물의 
핵심 골격의 합성에 성공하였다. 확립된 통합적 합성 전략은 다른 Laurencia 
종으로부터 유래한 9원환 ether 천연물의 합성에도 응용할 수 있을 것으로 
기대된다. 
주요어 : 중간 고리 ether, oxonane, (+)-brasilenyne, obtusenyne 관련 천연물, 통합적 
합성 전략, epoxide 고리 개열 반응, 분자내 Tsuji-Trost 알릴화 반응, 탈탄산화 
selen화 반응, selenoxide 제거 반응 
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